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ABSTRACT

In many path planning algorithms, attempts are made to optimize

the path between the start and the goal in terms of Euclidean distance.

Since the moving object isshrunk to a point in the Configuration Space,

Findpath can be formulated as a graph searching problem. This is

known a_ the VCraph Algorithm.

Lozano-P4rez points out the drawbacks of the VGra;,h Algor'ithm.

The first drawback is related with rotation of a moving object. This

drawback can be solved by using the sliced projection method. However,

the VGraph Algorithm has serious drawbacks when the obstacles are

three-d_imensiona/. The Eztended VGraph Algor'ithm is proposed to

solve the drawbacks of the VGraph Algor'ithm by using the Recursive

Compensation Algorithm. The R_cursive Compensation Algorithm is

proposed to find the coliision-free shortest path in 3D and it is proved to

guarantee the convergence to the shortest path in 3D without inc_._:.ing

the comple.'city of the VGraph.



I. LN'TRODUCTION

I.I Motivation

[n many path planning ,algoritilms,attempts are made to optimize

tile path between the start and tile goal in terms of Euclidean dis-

tance. In tileConfigura*ion Space 19!,the moving object is shruak '_o

a Configuration _Point. while the stationary obstacles are expanded to

fill all space where the presence of the Configuration Poin_ would im-

ply a collision of tile object with obstacles. Therefore, Findpa_h [29 i

can be formulated as a graph searching problem. The graph is formed

by connecting ._11 pairs of visible vertices of the Config=re.,*,',iav. Sn_.ce
Obstacles.

Consider the VGraph Algorithm for a moving object to find i.hc

colllsion-free shortest path in a workspace with some obstacle::. A !_-:

of work has been done in this field, which has the following design steps;

• Build tile Grown Space Obstacles.

• Find the visible vertices by detecting inte_erences.

• Build the VGraph with a set of the visible vertices.

• Search tile VGraph by the _m'aph search algorithm.

The shor:es: path from the star: to the goal in this v,,:Grc.ph ..l,{qc

r/_hrn is :he shortest pa_,x among the obstacles in 2D. However. i.he

path in aD by the WGraph .4lgom_hm [28] 129} whose node set contains

only vet=ices of the Grown Space Obstacles is not guaranteed to be

the shor:est collision free path, because the shortest path may involve

going through points on the edges of the Grown Space Obstacles in aD.

Lozano-P4rez [29] points out the dr_.whacks of tlle VGraph Algorithm.

The first drawback is related with the rotation of a moving objec:.

Since tile VGraph Algorithm require moving an object along obstacle

boundaries, shortest paths are very susceptible to inaccuracies in the

object mode[s. This drawback can be solved by using the sliced projec-

tzon. meUtod [28! 129] [a0]. However. the I,'°Graph Algorithm llas.serious

drawbacks [291 whe,1 the obstacles are three-dimensional:

• shortest paths do not typically traverse the vertices of the Grown

Space Obslaclcs,

• there may be no paths via vertices, within the enclosing polyhedrM

region _, Mtl,ough other types of safe paths within R may e.,dst.

Lozano-P_rez and Wesley [28I try to aIleviate tile drawback by intro-

ducing some addi:ional vertices in the VGraph along the edges of the

l OH|C_,'_.r,L::,j,u _;
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Grown Sp,_ceObstacles.However, it is uncte:Lr how many nodes should

be added in the V'Graph to get a good appro_mation to the shortest

path in 3D. The number of additional nodes will increase the mem-

ory. space amd the comple.xity of the VGraph, which will result in an

enormous increase of graph search time. Therefore, the better approx-

imation to the shortes_ path in 3D is needed but without increasing

the comple.'dty of the VGraph. The Branch and Bound Method [27]

[38] in nonlinear program.m/ag could be an alternative that does not

increase the complexity of the VGraph. However, it needs long compu-

tational time because of its numerical approach and it _ves only some

boundaries of each node for an approximation to the shortest path _.fter

long computational time. So, the _ecursive Compenaation A[gomthm

is proposed in order to guarantee the convergence to the shortest path

in 3D without increasing the complexity of the VGrapa and the better

appro:vLmation to the shortest path in 3D. Therefore, a new algorithm,

called the Eztended VGraph Algorithm, should deal with the drawbacks

of the VGraph Algorithm.

The Extended VGraph Algorithm has the following design

steps;

i) Apply the Or_hogonal Prvjec_ion Method to get the Grown Space

Obstacles in 3D.

i) Project ohstades in 3D onto the projection spaces.

ii) Build the Grown Space Obstacles in 2D.

iii) Select the necessary. Grown Space Obstacles for the VGraph.

iv) Reconstruct the Grown Space Obstacles in 3D.

2) Find the visible vertices by detedng interferences.

3) Build the VGraph with a set of the visible vendees.

4) Search the VGraph by the gaph search algorithm.

5) Apply the Recursive Compensation Algori_hm to ob_d_: ',.h_:

collision-fr_ shortest path in 3D.

The following results have b_n obtained by the Ez_ended VGraph Al-

gorithm;

• The Ez_ended VGraph Algorithm can deal with not only transla-

tions of a moving object but also its mtaticms by using the 8 sliced

projection method.

• Since the Or_hogonal Projection Method avoids building the unnec-

essary Grown Space Obstacles, it can make the VGraph simpler

than any other algorithms that use allof the Grown Space Obsta-

cles. Therefore, the Orthogonal Projection Method can save the

memory space to store the representation of the Grown Space Ob-

stacles and it can shorten the graph search time because of the

simpler VGraph.



• The Recu,'si_e Compensation Algorithm can guarantee the conver-

gence to the shortest path in 3D without increasing the comple__i:y

of the VGraph. The property of convergency of the Recursive

Compen._ZtiOn Algor_hra is proved. Since _ is set to I0 -5, Lozano-

Pdrez's ailev'iationmethod needs _ lot of memory, space to score

(2+8 xn x_ -I) vertic_ for the VGraNA: while the Recursi_e Com-

pen.sa_ionAlgorithm needs small memory space to store (2-8 x rL)

verticesfor the VGrzpA. The accuracy isdefined by e whose value

is very. small a_d r_ is the number of obstacles in workspace. Sim-

plJ[ryJngthe VGraph, the _ec_zrsive Cornpen3ation Algorithm can

save not only the memory space but also the gTaph search time.

• The Eztended VGraph Algor_thrn has been presented to solve the

drawbacks of the VGr=ph A_om_Arn.

1.2 Literature 1R.evlew

The shmplest obstacle avoid_ce algorithm uses the Generate _j

TesZ Method [16][28].A simple path fi'omSt_zrtto Goal ishypothesized

and is tested for poteatiM collisions. If a collision is e.Tpected, a new

path is considered. This process is _peated until no collisions axe

expected along the mew proposed path. T, the case of a mam/pulator,

such a_ algorithm ca_ be described Ln three steps:

1) CaicJ/ate the volume swept out by the mam/pulator along the pro-

posed path.

2) Determine the overlap between obstacles and the swept volume by

a mam/pulator.

3) Propose a new path.

The fLrst step is self e.-cplaaatory. The second step is known as am In-

_erfe_nc._ Detection [7],detecting the overlap between the obstacles

amd the swept volume by mam/pulator. The whole 3 steps are known

the Swept Volume Method [28]. Loz_o-Pdrez [28]and Faverjon [16]

have pointed out severaldiffic-J/tiesand drawbacks of the Swept Volume

Me_hod. First,itis quite dir_caJt to model obstacles and a manipula-

tor within resonably short computational time and allowable accuracy.

Calculating the volume swept out by _ ma.nlpulator with revolutejoints

is a.hard job. It can be z/so clJr'_.icultto determine whether the swept

volume and obstacles overlap. Another fundamental drawbac/( lies[n

the relationshipbetween the second and the third steps. Each proposed

path provides only local information about potentia/ collisions,for ex-

ample, the shape of the intersectionsof the volumes involved, or the

identity of the obstacle _ving rise to the collision. As the manipulator

2



consistsof several linked parts, it is difficult to find good heuristics to

modify the paths. This lack of a gtobal view can result in an expensive

search of the space of possible paths with a ve_ large upper bound on

the worst case length of the path. For these reasons, Udupa [59] uses a

Gro_uing Transformation Method on obstacles to compute approxima-

tions to the forbidden re_ons for the three-dimensional reference point

of a three,degree of freedom subset of a manipulator [28].The system

maintains a variable resolution descriptionof the legalpositions of the

reference point. Safe paths for the subset manipulator axe found by re-

cursivelyintroducing intermediate goals into a straight linepath until

the complete path is in free space. This method has two drawbacks

pointed by nozano-Pdrez [28] [30].

i) Since the complete manipulator has more than tkr_ degrees offree-

dom, the three-dimensional forbidden re_ons cannot model allthe

constraints on the manipulator. When a trajectory fails,Udupa's

system makes a correctionusing manipulator dependent heuristics.

The use of heuristicstends to Emit the performance of the algo-

rithm in cluttered spaces.

2) The recarsive path finder uses only local information to deter'-,_,/ne

a safe path and therefore suffers from some of the same drawbac!_

as the Swept Volume Method.

Lozano-Pfrez [281 generalized the ideas of Udupa [591 to the whole

mam.ipulator. His algorithm uses a more accurate growing operation to

compute the forbidden re_ons in both two and three-dimensions. It in-

troduces a o_aph searching technique for path finding, which produces

optimum two-dimensional paths when only translations axe involved.

The algorithm is then generalized to deal with three-dimensional ob-

szactes and e_-ctendedto deal umformty with more than three, degrees of

freedom. However, the generalization to three-dimensions has an un-

fortunate side effete. The shortest path around a polyhedral obstacle

does not in general traverse only verticesof the polyhedron. That is,

the shortest path in the VGruph whose node set contains only vertices

of the grown obstaclesisnot guaranteed to be the shortestcollision-free

path. So, Lozano-P_rez [28]proposed a method which isto introduce

additional vendees along the edges of the grown obstacles so that no

edge is longer than a prespedfiei maximum length. This _pproach has
some drawbacks. It is difficult to deide how many vertices should be

added along the edges of the grown obstacles and the additional vertices

need much more computational time for the VGI'UpA search.

Brooks [8]solves the Findpath problem by good representation of

free space; .-%huja[4]and Faverjon [16]use an OcZPae for the obstacle

avoidance. Brooks [I0] presents an algorithm for polyhedral obsta-

cles and a moving object with two translational and one rotational

degrees of freedom. Wong and Fu [63! present a methodology for three-

dimensional colLision-freepath planning by which planning is done



in the three-dimensional orthogonal two-ctimensional projections of a

three-dimensional environment. Peshkin a.ud Sanderson [531 present a.u

algorittun that efficiently finds the e.x_emally vimble vertices of _ poly-

gon andthe range of angles. Chung and Saichs [II] present the Re-

cursive ComperLsaZion Algorithm to solve the drawback of the VGraFA

Algori*-hm.



2. METHODOLOGY

2.1 The Interference Detection

Boyse [7]presents two types ofinterfereAztcechecldng: detectiollof Lll-

tenections among objects in _ced positions and detection of collisions

among objects mov_g along specifiedtrajectories. The firsttype of

interference checking plays a_ important role m the In_.erferenc_ Def:ec-

_ion of the Grow= Space Obstacles and the second type of interference

checlc_g plays an Lmportant role in Obstacle Avoidance. To detect B.

collision between buo obje_s, it is szLfflcient [7] to detect a collision of

an edge on one object with a. face of the other or vice-versa. Because a.

f_ce consists of its interior a.ad a boundary, collision of a f_ce and edge

occurs in one of two ways; the edge comes into contact either with the

mtewior of the face or with the boundary of the face. The two cases ace

shown in Fig. 2.1.1 [71.

{
Fig. 2.1.1,Interference Detection

The collision detection algorithm [7] considem earb of these two pos-

sible situations as follows:

1. Edge con_ac_ face in,error. Bec3.use edges ace straight line segments

a_d faces ace pla_ac, contact must oc_-'az at an endpoLat of the edgc.

Assu.m.mg an edge moving relative to a stationary face, collision can

be detected by determining the locus of each endpoint of the moving

edge and e_xa.m_Iung these lod (space curves) to see whether e_ther one
intersects the face.

2. Edge contac_ face boundar'_. Again assume an edge moving re!a-

tire to a stationary face and note that the loons of th_s moving edge

generates a surface in space. CoLUsion is detected by examining the

6



boundary of"the face to see ifitintersectsthe surface generated by the

moving edge.

The first type of interferen¢= will he detected by the Dead Node,

defined as a vertice that is located in the object, shown in Fig. 2.1.2.

To be a Dead Node, its boundar?- condition and its boundary, equation
should be satisfied.

(i) boundary condition

=mirL < P= < zrn_

Ymin < Py < Yrr_=

(ii)boundary equation

fl(z,y) " f2(z,y) . fa(z,y) . f4(z,y) > 0

The second type of interference can be detected by checking the Line

In_ersecZion [57]. The straight forward way [57] to solve this problem is

to find the intersection point of the lines defmed by the line se=_nents,

then check whether this intersection point fa/h between the end pointa

of both of the se=_nents. In terms of the variables i.u Sedgewick's algc,-

r/ibm [57],itiseasy to check that the quamtity (d: "dVl -dr "d=l) is0

if P1 is on the line, positive if P l is on one side, and neg,_tive if it is on

the other side. The same holds true for the other point, so the product

of the quantities for the two points is positive if and only if the points

falls on the saame side of the line, negative if and only if the points fail

on di_erent sides of the line, and O if and only if one or both points fall
on the line.

f2(=, !/) fa(=' !/)

}"_ f4(=,V)

OF _'::' ::"

¢'t" n_in

Fig. 2.I.2 Dead Node
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2.2 The Grown Space Obstacles

(

Most of the work in path planning will be done in the field of building

the Conj_gura_on Space Obstacles rather than sea.rching gr_.ph. There-

fore, it is clear that the representa_on of the objects [4] plays a major

role in determining the feasib_ty and performance of any intersection

or collisiondetection method using that representation. Udupa [58]

was the first to approach the Findpa_h by e.rp].icitly using transformed

obstacles and a space where the moving object is shrunked to be a

point. Udupa used only rough apprommation to the actual Configura-

tion Space Obstacles and had no direct method for representing coz-

straints on more than three degrees of freedom [30]. Lozano-P_rez [29]

[30] shows that algorithms for computing the Groum Space Obstacles in

2D have time comple.x_ty O(v), a_d the algorithms for computing the

Grown Space ObsZacles in 3D have time comple_,dty O(v 2 logv), where

]s the total number of vertices. ConsiderLag time comple:dty, it is much

better to find a collision-freepath projected in 2D rather than in 3D.

Therefore, the Orthogonal Projection Method is proposed to build _he.

Configuration Spac _.Obstacles in 3D, where three orthogonai ca.mer_._

axe used to build the ConfiguraZion Space ObsZacles. To avoid buiId-

ing the Grown Space Obsi;acIes of u.anecessaxy objects in 3D h_ a lot

of _dva_tages. See the section 2.6 for these adv-a_tages. A final Con-

fipura_ion Spac'. Ob_acles in 3D will be reconstructed from the three

Configuration Space Obstacles in 2D.

Wor_space A (Fig. 2.2.1, Fig. 2.2.2 and Fig. 2.2.3) demonstrates

Udupa's idea to build the Grown Space Obstacles in 2D. Fig. 2.2.1

desc'nbes Worlcspace A with three obstacles emd the imiti_I and goat

states of a moving object. Fig. 2.2.2 describes how to build the Grown

Space Obstacles with respect to a reference point. The moving object is

applied to the boundary of each object and the reference point is traced

to obtain the Grown Space Obstacles. So, the moving object is shrunked

to be a point a_d the grown geometric objects axe ob_a.ined, ca21ed

Grown Space Obstacles, that represent all the positions of the moving

object that cause coIUsion with the obstacles. Fig. 2.2.3 describes the

fins2 Grown Space Obstacles for Workspace A. The advantage of this

formulation [30] is that the intersection of a point relative to a set of

objects is easier to deal with than the intersectionof objects among

themselves. Fig. 2.2.4 describes the data structure for Work_pace A.

Representing the positions of rigid objects requires spe/fying all their

degrees of freedom, both tr_nsiations and rotations. The configuration

"[30] of a polyhedron is a. set of independent parameters that characterize

the position of every point in the object. In following sections, the

different initial configuration of a moving object makes the different

Grown Space Obstacles, which result in different VGraph.
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Fig. 2.2.2 A desc:'iptionof G_own Space Obstacles for "_VorkspacsA
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Objects (linked List)

±

Fig. 2.2.4 Data structure for Workspace A
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2.3 The l_otational Grown Space Obstacles

In the previous section,itisknown that the differentini=ialconfigu-

ration of a moving object makes the different GSpace Obstacles (Grown

Space Obstacles), which result in _fferen_ VGraphs. Since the rota=ion

of a moving object can change its initial configuration, each VG,'a.ph.

should be built for its rotation of the moving object. Lozano-P4rez [29]

[30] presents the 8 sllced projection method to buiid the GSpace Obsta-

cles for the rotation of the moving object. Since the moving object can

rotate by O, the number of its VGraph ,f, can be figure/ out, where

0 <_77 .0 _< 2= and r1 = 1,2,..-,f. For each 77, build its P'Gr=ph and

construct a set of vertices for all vertices for its VGraph. Find the visi-

ble vertices from this set of vertices by detecting the interferences. This

set of visible vertices can build the vgraph with the sliced rotation of

a moving obje_'t.

Let's consider Workspace B, shown in Fig. 2.3.1, having a moving

object rotated by 8 with respect to Workspace A. Fig. 2.3.2 descNbec

how to build the Grown Space Obstacles with respect to a refer_:l_ca

point. The moving object is applied to the boundary of each ubjcr:_.

and the reference point is traced to obtain the rotational Groum Space

Obst._zctes. So, the moving object is shru.u_ked to be a point and the

grown geometric objects axe obtained, representing all the positions of

the moving object that cause collisionwith the obstacles. Fig. 2.3.3

des_"ibes the Grown Space Obstacles for Workspace B. Workapace A

and Workspace B have the same configuration except the initial con-

fio_tu:ation of the moving object. However, they have the completely

different Grown Space Obstacles, shown in Fig. 2.2.3 and Fig. 2.3.3.

Fig. 2.3.4 describes a data structure of the rotational GSpace Obst:acfes.

The vertices of the rotational GSpace Obst=ctes, shown in Fig. 2.3.3,

can be obtained from the geometric equations, a_suming that h is the

horizontal length of a moving object, _2 is its vemical length, 0 is the

radiam angle between the initial configuration and the rotated com_g-

ur_tion with respect to the reference point. And the lower character

means the vertices of the obstacles and the upper chaxac:er means the

vertices of the GSpace Obstacles, i.e., a_ = (a.:=, c_i_), Xi = (.'_i=,-4i_/)

where i = 1, ... ,n. However, if 8 is 0 or _, then the set of .4od d equals

to the set of .4e._en. Fig. 2.3.4 shows how to desio_n the data structure

to store the information on the rotational Grown Spac_ Obstacles to

save the memory storage.

i3



where0_<8< _.

A 2 = (al=,a!y)

.43= (a2=,ao__)

= + •

(

where _ <_8 < =
6 _--e--

2

Loza.uo-Ptrezpoints out two important properties of sliced projec-

tion:

i) a solution to a Findspace problem in amy in the slicesisa solution

to the originalproblem, but since the slicesare an approximation

to the Grau,'n Space Obs_=cles, the converse is not necessazilytrue;

ii) the sliceprojection of a Grovzr_Space Obsi:acles can be computed

by using the swept volume operation, witkout having to compute

the kigh-dimensional Grown Spac'. Obstacles.

When rotations of a moving objec: a.reallowed, the sliceprojection op-

eration can be used to e_rtendthe VGraph Algo_hm to find safepaths

[29].

['Problem Statement 2.3] Assuming that the horizontal length of the

moving object is 2, its ve_ical len_h is 1 and 8 is _ and obstacles _e

given as in Fig. 2.3.5,dr_.w the rot_.tional GS_ac'. Obstacles.

Fig. 2.3.6- Fig. 2.3.11 draw the rotational GSpac _. 06stacfes. The

prograanming ].is:for the simulation of the rotational GSpac_ Obstacles

is availablein Appendi_ C and Appendi'c D.
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2.4 The "v'Graph Algorithm

(

Consider the problem for a moving object to find the collision-free

shortest path from the Start so the Goal. It is desirable that a method

represent the Grourn Space Obstacles with a graph in order to find the

shortest path from S_ar_ and Goal. The important property of this

path is that it is composed of a stra/ght line joining the _ar_ point and

the goal point via a possibly empty sequence of vertices of obstacles

[28]. The undirected graph [28] is denoted by VG(N,L) where iV is
the union of S, G and allthe obstacle'sver:ices.The link set,L, is the

set of all the [inks (Ni,!Vj) such that a straight ].inee_x/tsconnecting

the ith element of iV to the j_h without overlapping any obstacles.The

graph VG(N, L)is thus called the visibility graph (VGraph) of N, since
the connected vertices in the graph can see each other. The VGraph

for Workspace A is shown in Fig. 2.4.1. To build the YGr_ph, fi__st

construct the Grown Space Obstacles and then detect the interference

of itsvertices.Ifnot interfered,the verticeissent to the set of vezsible

ve_ices. The VGraph can be built by thisset of the visiblevertices.

The VGraph Algori_hrn requires that the movdmg object be a polar

while the obstacles axe the forbidden re_/ons for the position of that

point [28]. If the moving object is not a point, a new set of obstacles

must be computed which are the forbidden regions of some referen.ce

point on the moving object. These new obstacles must desc/be the

locus of positions of this reference point which would cause a collision

with any set of the original obstacles. The method to build the Grown

Spac_ Obstacles was des_-ibed in the previous se_ion. This VGraph

Algorithm could be applied to find the collision-fre'-- shortest path in

2D.

The VGraph Algorithm

1. Build the Grown Space Obs(acIes.

2. Find the visible vertices of the Grown Spat'- Obstacles.

3. Build the VGraph with the visible vertices.

4. Search the VGraph by the graph search algorithm.

It is known that the different initial configuration of a moving ob-

ject makes the different GSpac'. Obstacles, which result in the different

VGraph. Since the rotation of a moving objec*, can change its imtia/

configuration, each VGraph should be built for its rotation of the mov-

ing object. Consider the 8 sliced rotation of the moving object. Sine*"

the" moving objec: can rotate by 8, the number of its VGraph ,_, can

be figured out, where 0 < 7/ • 8 <__2= and 7/ = 1: 2,...,_. For each. 77,
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build its T/'Grgpha_d construct a set of vertices for allvertices for its

VGraph. Find the visibleve_ices from thisset of vertices by dete._ting

the hlte_ere.nces.This setof visibleverticescam build the VGraph with

the slicedrotation of a moving object. The a_gorit]:Lmisthe following:

Procedure BuildVGraph(var VGraph, List)

Comments

• ' List is a linked list for the set of visible vertices.

• VGraph is (n xr_) a_ay to store the cost betw_n two visible ve_"t.ices
and c_ means that two vertices are invisible.

BeEn

From _- List

To _-- List

VGraph _-- oc

while From # nil do {

if not DeadNode(List,From "

the= {
To +-- List

End

.Node)

wkile To # nil do {

if (From = To) or

DeadNode(List,From T .Node) or

DeadNode(List,To T .Node) or

Interference(List,From T .Node,To T •Node)

the=. { do nothing. }

else VGraph _ cost between two visible

ve1"_ices

To _- ToT .Ne.x¢} }

From 4--FromT .Ne_'_}

The shortest path from the start to the goal in this VGrapA is the

shortest path among the obstacles in 2D. However, the path in 3D by

the VGrgph [281 [29] whose node set contains only vertices of the Grourn

Space Obst.=cles is not g'uaramteed to be the shortest collision fr_ path,

because the shortest p_th may involve going through points on the edges

of the Groum Space Obstacles in 3D. Lozaao-P4zez and Wesley [28] try

to alleviate the dr_.wback by introdudng some additional vertices in the

VGraph a/ong the edges of the Grown Space Obs_.acles. However, it is

unclear how mary nodes should be added in the VGraph to get a. good

approximation to the shortest path in 3D. The number of additional

nodes will increase the memory and the comple_'dty of the VGraph,
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which will resu/t in an enormous increase of graph search time. There-

fore, the better approximation to the shortest path in 3D is needed

but without increasing the comple.x/ty of the VGruph. The Brunch and

Bound -MetAod [27] [38] in nonlinear progr_ammg could be an alter'na-

tive that does not increase the comple_'dty of the VGrupA. However, it

needs long computational time becanse of its numerical approach and

it gives only some botmdazies of each node for an approximation to the

shortest path aiter long computational time. Therefore, the Recurs/re

Cornivensa_ion Algori_Am in section 2.7 is proposed in order to guaran-

tee the convergence to the shortest path in 3D without increasing the

comple.,dtyof the VGrr_ph and the better approximation to the shortest.

path in 3D.

[Problem Statement 2.4] Consider the problem, shown in Fig. 2.2.1,

assuming that the objects are polyhedrons a_d their visual izfformaldons

are available aazd they are represented by vertices. Find the collision-

free shortest distance from Star_ to Goal with _ slicedrotation.

The progr_nm/ng ]ist of this simulation is available Lu the .A_ppencLhc

A. The following result for the Problem Statement 2.4 comes fro)n the

gle [PATH] in Appendix B.

Table 2.4.1 Simulation result of the VGmph algorithm.

The shortest path is calculated by the VGraph Algorithm.

Start Node = 1, Goal Node = 27,

P_th represented by internal nodes: 1 ---* 16 ---*6 _ 27

From To Cost l_tation
,T

Star: in 0 sliced A3 in _ sliced 4.125

A 3 in _ sliced B I in _ sliced 5.025 0
T

B I in _ sliced Goal in 0 sliced 4.031 -'2"

The total cost between Start and Goal = 13.179

Fig. 2.4.2 shows the collision-_ree shortest path with _ sliced rota-

tion by the VGruFA Algor_ZArn. The path with ¼ slicedrotation has

13.179 Euclidean distance, while the path without slicedrotadon has

25.452 Euclidean distance. The path se_meat with sLiced rotation is

described i_ the Table 2.4.1, the path segment without sliced rotation

is {Start --* CI --* B3 --* B2 -'* Go,I}. Hence, the sliced rotation of

the moving object ca_ shorten the Euclide_n distance. However, there

is a trade off between acmlracy aazd speed. If the small sliced rotation

is considered, then the better approximation to the shortest path can

be obtained, but more memory, space to store each VGrapA is needed.
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2.5 The Graph Search Algorithm

%-"

There are a number of control strate_es for finding a path through

a g':aph. The fundamental control problem is to selecta.uappropriate

database and the applicable rules to apply in the search for a satisfac-•

tory path. The path finding problem has usually been approached in

one of two ways [22], the Mathematical Approach and the Heuri_.ic Ap-

prvach. The Mathematical Approach deals with properties of abstract

graphs and with algorithms that follow an orderly exam/nation of the

nodes of a graph to find the minimum cost path. The Heuristic Ap-

proach, on the other hand, typically uses special knowledge about the

problem. The efficiency with which a path is found incre_es _ the

knowledge becomes closer to being complete. An important point to

note is that the I'Ieuris_ic Approach generally is not able to guarantee

that the minimum Cost path will be found.

General Graph Search Algorithm [61]

1. Put the START node on OPEN.

2. If OPEN is empty, e.-dt with failure.

3. Select a node n from OPEN and put it on CLOSE.

4. Expand n and put some of its successors in OPEN with a pointer

back to n. If any of these successom is a GOAL node, e.'dt with the

solution by tracing back its pointers.

5. Go" to step 2.

Pearl [52] describes the main features of the different o_zaph search

algorithms as HilI-clim_in9, Depth-first, Bac]c_rac]dng, Bac]crnarking,

B_adth-first, Uni]:orrn-cos_ and Bes_-first While shal-ing this common

framework, the a/gorithms differ at least in one of the following points:

• The number of successors generated

• The node from OPEN selected for e_'cpa.usion

• The particular management strate_es used for cleaning up
CLOSED

The follovdng remarks [52] should be considered to salem a search al-

gorithm for path planning purpose. First, optimality is a concept which

seems to be opposed to time and storage efficiency. The only a/goritkm

in which these concepts are somehow compatible is the A * Algor_hrn,

as long as a good enough heuristicev'a/uationfunction isused. Second,

the algorithms in which the goodness of the solution can be established

are the breath-first and the uniform-cost ones. In most cases this has

a high computational cost. Third, to reduce the time a.ud storage re-
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quirements of the searchalgorithms, it is necessaryto make them use
information which is beyond the pure graph structure. H/i/-clirnbing,

bmcZ'rnar/cing and best-first axe the search algorithms which can incorpo-

rate information about the particular domain. There are, so, thr_ facts

which strongly recommend best-J_rst aigorithms as the most appropri-

ate ones for path planning purposes: their adequacy for incorporating

information belonging to the particular domain being dealt with, thdr

capability of conver@ng to either optimal or non-optimal solutions and

their time and storage efficiency. These are the main reasons [61] that

led us to select best-j_rstalgorithms as the most appropriate for path

planning. The A _' Algori£hrn is probably the most widely used best-

first graph search procedure. The reason for its succ_s [61] I/e_in its

simplicity, its generali£y, the optimality of its solutions, and the fact

that if its h function is admissible (that is, it never overestimates the

cost of a subpath), the A * Algorithm is optimal [47]. For example, the

criterion used in the VGraph can taken into account the distance to 1)c

travelled in the Conj_gurv2ion Space but also the costs assigned to _,hc

change of sp_d [16].

The total estimate f(r_) is an estimate of the cost of a minimal co,_

path from s to g node constrained to go through mode n, and _ 1:,c

e_'cpzessed as ](n) = _(n) + h'(rL), where _'(n) is an estimate of the c.o_t

g(n) of a minimcal cost path from • to r_ and h(n) is an e_timate of

the cost h(n) of a _al cost path from rL to a goal node. y(n) is

constructed step by step by the algorithm, wherea_ h(n) is obtained

from the heuristic information.

.4." Algorithm [41]

1. Put the sta_ node s on _ list called OPEN. Set _(_) ,-- 0 and

2. If OPEN is empty e:dt with failure; othewise continue.

3. Remove from OPEN that node n whose 7 value is smaller and

put it on a list called CLOSED. (Resolve ties for minimal 7 valu_

arbitrarily, but always in favor of an7 goal node.)

4. If n is a goal node, e.,dt with the solution path obtained by tracing

back through the pointers; other_se continue.

5. Expand node n, generating all of its successors. (If there are no-

successors, go to Step 2.) For each successor hi, compute gi *-"

+
6. If a successor r_i is not already on either OPEN or CLOSED, set

g(ni) "-gi and 7(n,:)_-g_ ÷ h(ni). Put n,:on OPEN and directa

pointer from itback to n.

7. If a successor n i is abeady on OPENor CLOSED and if_(ni) > gi,

then update it by setting -- and + Put
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n{ on OPEN if it was on CLOSED ,_nd redirect to n the pointer

from _._.

8. Go to Step 2.

Itispossibletoprove[471th,_tif,fo_eve._node_,_(_)isalower
bouaxd on the cost /_(r_) of a minima/ cost path from node r_ to a god/

node, then the A * Algorithm, is adm/ssible, i.e. it a/ways finds am opti-

ma/ path. Moreover, it is possible to simplify the A * Algorithm by rank-

Lug a ffu'ther assumption on _;he estimate _ : for a.uy two nodes m and

which are connected by = =_c(m,_) we have _(_) -E(_) _< c(m,_).

Tlns assumption is called the cons_tencTl a._sump_ion and its mea.o_g

is that, By moving from a node to any successor, we must a/wayn have

a better estimate. Therefore the A _"Algarit.hm with the consistency

assumption e__cpam.isfewer than. /V nodes B.nd,hence, it rums in O(/V)

steps [41].

Theorem 2.4.1 [41]For allNthere e_x/stsa search graph G N of sizeiV,

_th positivecosts=d estimates_w_ arelowerbounds(_(_) <_I,.(._,.)
for each n), on which the .4" Xlgo_t_m runs for O(2 N) steps.

Martelti [41] presents the B Algor_thm to modify the A * A[9or-:3h.:,,.

in orde: to improve its behaviou= with nonconsistent estimate. The
B Algo_thm is thus a simple yam/ant of the A * Algor'_thm add can be

obtained from it by substituting steps (1) and (3) with the following

s_eps:

1< P,.,t the s:_ node _ on _ _st c_e_ OPSX. Set _(_) -- O,7(_) --
_(_), F --0.

3 t. If there aze some nodes in OPEN with _ < F, select among them

the node r_ whose_ value is smallest; otherwise, select the node n

inOPEN _hosef ,-aue issz_est_d setF .,- 7(,_). (R=olve
ties arbitrarily, but a/ways in favor of any gob/ node.) Remove n

from OPEN and put it on _ listca/led CLOSED.

Theorem 2.4.2 [41] Given amy search graph G of size it N, with pos-
itive costs and estimates which are lower bounds on the minima/ cost

(/_(_)< A(_) for each n), then the B Algor_thm runs on itfor at most

O(N2)-steps.

Theorem 2.4.3 [41]Let 0 be any search graph with positive costs and

estimates which are lower boundson the minima/cost (_(n) < _(n) for

eah node rL). Then, if the X" Algorithm and the B Algorithm resolve

ties in the same way, the B Algorithm does not expand more nodes than

the A " Algorithm.
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Theorem 2.4.3 assures us that the B Algorithm can always be used

in place of the A* Algorithm _vithout having any loss in efficiency. In

paxticu_ar, when searching tr_ or o_r_phs with a consistent estimate,

both algorithms will have the same behaviour, but, _vith a nonconsistent

estimate, the B Algorithm will, in general, have a much better behaviour

than the A " AIgori_m.
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2.6 The Orthogonal Projection Method

Most of the work in path planning witl bedonein the fidd of building
the Configuration Space Obstacfes rather than sea_r_g graph. There-

fore, it is c/east that the representaion of the objects [4] plays a major

rolein detennin.ing the feasibilitya.ud performance of any intersection

or collisiondetection method using that representation. Lozano-P_rez

[29] [30] shows that algorithms for computing the Grown Space Obsta-

cles in 2D have time comple:dty O(v), and the algoh_hms for comput-

ing the Grown Space Obstacles in 3D have time comple_ty O(v2logv),

where v is the total number of vertices. Considering time compie--dl,y, it:

is much better to find a collision-free path projected in 2D rather than
in 3D.

Somea=se [3]is3]ofthr -a/me=sionalobjects,w ch of
solidsof uniform thic_ess, can be described by the line drawings of

three orthogonal projectionsonto the two-dimensional planes. L%r ther.c

classes of objects, the three-dimensional model can be reconstructed

from the three-dimensional objects. However, for other c/assesof _.hrcc.

dimensional objects [63], the exact reconstruction from line drawings of

thre=_ orthogonal projections cam.not be performed, ttowev=, a maximal

volume that encloses the volume of the object could be reconstructed.

Ifa thre.e-dimensionalpoint does not collidewith the maximal volume,

itwould not collidewith the true object. This leads to a sufficientcon-

dition [63]for collisionchec/dng, as stated Lu the following Lee.rues.

Lemma 2.6.1 [63]: If the projection of a three-dimensicn,_l point

is outside the area of the two-dimensional projection of a. ':h:c'.:

dimensional object in one or more of the three orthogonal subspaces,

the three-d.imensionalpoint isguaxanteed to be outside the volume of

the three_-dimensionalobject in the three-ciimensiona/space.

Lemma 2.5.2 [63]: If the projection of some three-dimensional path

for the reference point of a thre_-dimensional moving object is collision

freein one or more of the orthogonal projected spaces, then the three-

dimensional moving object iscollision-freealong the three-dimensional

path in the three-dimensional space.

Since the unnecessax?- obstacles, for the Findpath proble_ in 3D,

can be avoided by Lee.me 2.6.1 and Lemma 2.6.1, the O_hogonaI Pro-

jec_ion Method can simplify the VGraph. So, the Or_hogonal Projection

Me_hod has some advantages. It can shorten the graph search time as

well as it can save the memory, space to store the Grown Space Ob-

stacles and VGraph. And advantage is related with its representation.

The Grown Space Obstacles in 3D can be represented and built by.

three Crown Space Obstacles in 2D. Three processors are assigned for

this job and they work so simultaneously that the parallel processing
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can beexpected. Therefore, the Or_hogonal Projection A[e_hod c_n save

more time in building the Grown Space Obstacles than any other algo-

rithms t.hat work sequentially. The O_hogonal Projection Method has

the follox_ing steps in turn:

1. Project Objects in 3D onto the projection spaces.

2. Build the Grown Space Obstacles in 2D.

3. Select the necessary Grown Space Obstacles by Lee.me 2.6.2.

4. Reconstruct the Grown Space Obstacles in 3D.

Eowever, the path in 3D by the VGraph Algorithm [28][29]whose

node set contains only verticesof the Grown Space Obstacles is not

guaxant_d to be the shortest collision free path, because the short-

est path may involve going through points on the edges of the Grown

Space Obstacles in 3D. Lozamo-P4r_ and Wesley [28] try to alleviate

the drawback by introducing some adchtional vertices in the VGrap[_

along the edges of the Grourn Space Obstacles. However, it is unclear

how many nodes should be added in the VGraph to get a good approx'.-

marion to the shortest path in 3D. The number of additional nodes w/I]

increase the memory space and the complcxity of the VGraph, which

will result in an enormous increase of graph se_ch time. Therefore, the

better approximation to the shortest path in 3D is needed but with-

out increasing the complexity of the VGraph. The Branch and Bound

Method [27] [38] in nonlinear progr_g could be an alternative that

does not increase the complexity of the VGraph. However, it needs long

computational time because of its nume.dcal approach and it _ves only

some boundaries of each node for an approximation to the shortest pa.th

a/'ter long computational time. Therefore, the _ecursive Cornpensa_io',_

Algorithm is proposed in order to ¢o_uara.utee the convergence to the

shortest path in 3D without increasing the complexity of the VGraph

and the better approximation to the shor:es_ path in 3D.

[Problem Statement 2.6] Build the Grown Space Obstacles in 3D by

using the Or'_hogonal Project:on Method, assuming that the object in

3D is a polyhedron, shown in Fig. 2.6.1. The object has the follow-

Lag vertices;PIle:l,Yl,zt), P2(= t,Y2,zt),P3(z2, Y2,z t),P4(z2, Y t,zt),

Ps(zt, yl,z2), Ps(=1, y_,z2), PT(z2, y=,=2), Ps(zo, yl,=2), where =I =

7,yl = 5, zi = 3, z2 = 14,y2 = 10, z2 = 12.

Fig. 2.6.2 describes three Orthogonal Projections of Workspace D.

Fig. 2.6.3 describes the Grown Space Obstacles in 2D. Fig. 2.5.4 de-

scribes the reconstruction of the Grown Space Obstacles in 3D. F;-g.

2.6.5 describes the Grown Space Obstacles of Workspace D
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Fig. 2.6.1 A description of Workspace D
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Fig. 2.6.2 A description of three Orthogona_ Projections
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Fig. 2.5.3 A description of Grown Space Obstacles in 2D
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Fig_ 2.6.4 A :e¢onstructioa ofGrown Space Obstacles in 3D
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F_g. 2.6.5 The Grown Spat-" Obstacles of Workspac= D
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2.7 The Recursive Compensation Algorithm

The shortest path from the star: to the goa/ in this VGraph A(go-

rithm is the shortest path _r_ong the obstades in 2D. However, the

path h_ 3D by the VGr_ph Algorithm [28] [29] whose node set cont_ns

only vertices of the Grown Spac'_ Obstacles is not guaranteed to be

the shortest collision free path, bec_.use the shortest path may involve

going through points on the edges of the Grown Space Obstacles in 3D.

Lozano-P_rez and Wesley [28] try to alleviate the drawback by intro-

during some additional vertices in the T/'Grapfi a/ong the edges of _he

Grown Space Obstacles. However, it is unclear how many nodes should

be added in the VGraph to get a good approx/mation to the shortest

path in 3D. The number of adddtional nodes will increase the mew-

or')" space and the comple.'dty of the VGraph, which will result in an

enormous increase of _aph search time. Therefore, the better approx/.

matron to the shortest path in 3D is needed but without increasing the

comple.x/tyof the vgr_vh. The SrancA and .Bo'und 2v/'e+h.od[9.7][38]in

nonlinear program_mi_g could be an alternativethat does not increase

the comple_x/tyof the VGmph. However, it needs long computational

time because of its numerica/ approach and it _ves on/y some bound-

a.des of each node for an appro.x/mation to the shortest path ai%er long

computational time. Therefore: the Recu:rsive Compen._io_ AIgorii:hm

is proposed i_ order to guarantee the convergence to the shortest path

in 3D without inc;easing the complexity of the VGrezph and the better

approximation to the shortest path in 3D.

Fig. 2.7.I describes the path c_culated by the P'Graph Algori_5,:'-. :-

3D. The shortest path in 3D may involve going through points on .he

edges of the Grown Space Obstac!es. Therefor.e, _he pat, h by l/'Craph

Algorithm is not guaranteed to 5e the snortes_ path, since the _:a..

by the VGraph Algorithm involves going through points on/y o_, _

vertices of the Grown Sp(zc'. Obstacles. Fig. 2.7.2 describes th_ n_s_

compensation for the interned/ate nodes. Since we assume that all the

obstacles are polyhedrals, we are interested in the =.:(k), i = l, 2 and

k = 0, I, 2.-.. The subscript i indicates the intermediate node and k

indicates the number of recursive compens;tt;on. This problem is re-

lated with m.in.imiz_ng the Euctideon distance between two nodes in 3D

within some constraints. Fig. 2.7.2 describes the second compensation

for the intermediate nodes and Fig. 2.7.3 describes the third compen-

sation for them. Fig. 2.7.4 describes the finn/ path in the Recursive

CornpensaZ,_on .4(gorit,krn, i.e., the better appro.x/mation to the shortest

p_th in 3D
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RCA (l:_.ecursive Compensation Algorithm)

Procedure RCA(NodeSet: e )
Comments

• NodeSet = {S} u {N_,lV2,..., N_-l} _ {G} searched by VG_=p_

wheres(=o, yo,=o), Y_(=l,y_,:l), Y_(=2, y2,=2), "-', G(=,_,v,.,,=,.,)
The NodeSet is represented by the linked lis_.

• e = a pe:-missible error

• Function Diztance will caeca.late the Euclidean ddstancc ;.:;_z_:
NodeSeu

• Procedure Compensate will find the compensated nodes and will
return the set of these nodes.

Be_n

D1 = Distance(NodeSet)

Compensate(NodeSet)

D2 = Distance(NodeSet)

If ID i -D2[ <

Then Return(NodeSet)

Else RCA(NodeSet, e )

End

Func:ion Distance(NodeSet)

Comments

• _'odeSet= {S} _ {_V_,N2,---,_%__}U {C} _e=.r=!=.

where S(=0, Y0, z0), Nl(zi, Yl, Zl), N2(z2, Y2, z2), "", _.?'

The NodeSet is represented by the linked list.

• " of NodeSet for Dis_anc_ > o

• Func%ion ED will find the Euclidean distance between the firs*_ node

and the second node in NodeSet,

Be_n

If '-zof NodeSet = 2
77-

Then Distance = ED(NodeSet)

Else Distance = ED(NodeSet)

--' Distance(NodeSet - {FirstNoge })

End

.- .... _ ::-'¢



P:oceduze Compensate(NodeSet)

Comments

• NodeSet= {S} u (Nu;V2 N,___}_ {G} se_ed by VC,=ph
_EereS(:0 YO=0) _I(=_ V_ :l) _2(=oVo;:2) G(=,_y,_-_)
The ,.N'odeSet isrepresented by the ]inked list.

• # of NodeSet for Compensate >__3

• Procedure Rese_ will take the f=st 3 nodes in NodeSet and replace

the second node of the 3 nodes in NodeSet in order to get the set

of compensated nodes.

Be_n

If " of NodeSet = 3
rr-

Then Reset(NodeSet)

Else Reset(NodeSet)u Compens_.te(NodeSet - (FirstiVo/e })

End

Procedure Reset(NodeSet)

Comments

• NodeSet = (S} U (IV1,N2,-.-, IV__l} U {G} sea+r,'hed by VGmph

wheres(= o,vo, =o),NI(= l, v_, =l), 2v2(=2,v=,=2), -"",G(=,_,v,_,-',_)
The NodeSet is represented by the linked list.

• # of NodeSet for Reset. > 3

• D(d) is the Euclidean clistance function via 3 nodes in 3D.

nO(d) =0.
Refer to Appendix C ill]to ca.icu.lateg to satisfy Od

Be_n

Take out the if:st 3 nodes in .NodeSet.

OD(a) =0.
Calculate d to satisfy ag

If g is on the visible edge,

End.

Then replace the second in NodeSet with the compensated.

[Problem Statement 2.7] Suppose the following ve_ices are calculated

by the VGraph Algorithm; S(3, 2, 4), N_(7, 4, I0), No(S, 8, 9), G(4, 11, 2)

shown in Fig. 2.7.1. Calculate the shortest path from the S node to

the G node, a_su .m.ing that the obstacles _.re polyhedrals.

De_ine the conver_enc', ra_io (Ai)

Ai =
y_(_- I)-v_(_)'
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where i for intermediate node, k for :ecursion. Then the RCA have the

fast convergence ratio from the Theorem 2.7.3. When e is set to 10 -5,

the Branch and Bound Method needs 2301666 miiiseconds, however,

the RC.4 needs only 416 miliseconds on VAX-11/750. The E_clidecm

distance obtained by the RCA is 48% less th_n that obtained by the

Vgraph .q.lgo_dzrn. The ECA is 55,000 times f_ter than the Branch

and Bound Me_hod with.in the same _ from the Table 2.7.1. Fig. 2.7.5

describes how f_t the RCA works. It is proved that the sequences

generated by the RCA are Cav.ci_l sequences by the Theorem 9_.7.4.

Therefore, the number of recursive compensation could be calculated if

is known. Or e could be calculated if the number of recursive compen-

sation is given. Let's compare the Lozano-P_rez's alleviation method

and the Recursiwe Cornpenacz_ion .4Igori_l_rn to get the same _-cc:i_<.?
e, for the Problem Statement 2.7. Since e is set to 10 -5 Lozano-P_rez's

7

alleviation method needs a lot of memory, space to store (2+2 x 8 x 105)

vertices for the VGr_zph, while the R_cuvsive Compensation A lanr-i_h,-,

needs small memory space to store (2 + 2 x 8) vertices for the VGrai_.:_

Simplifying the VGr_-FA, the R__cursive Cornpensc_ion Algor-i_A,m, ct_t

save not only the memory space but also the gra.ph search time.

Table. 2.7.1 EucHdea_n ddsZa.uce and Computin_ time

Al._orithm I Dista_uce IComputin._ time t

VGmoh 120.3283 2.30I[66_Branch a_ud Boulid I 13.7416

R_A I 13.7416 1 41(_ I

The simulation of the RCA has been done in 3D. See t.hr P ..... ':.

S_-ternen_. o. 7 and the simulation r_sult in 3D. The converge'lc_

RC.4 is prove_ in 2D for simpUd.:y. We are interested in the convergence

oT: the compensat.,.d ,',odes by tke RC._.: i.e., {_,_(_:)}, {Vd:":).)-

v_(_) yo+ v°-(_- I)-_°(:= ' I --=0)
z2 --=0

= vo + _o{w_(_ - 1) - _o}

= _0v2(_ - _)-'(i- _0)v0

--. --z0

::2--=:0
,0</i0<1

=3 --=i

= _i(_)--_.{_3--_i(_)}

= (_--_.)V_(_)-_.

,i! __ =2 -1i:0 < .i_ < I
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Definition 2.7.1 [61 [54] Let {=_} be a sequence of e=ended real

numbers; we define the Iimi_ superior of {=r_} to be the e_-c_encled real
number

lirasup =rL = inf sup zj

and the I£miZ infar_ar of £=_} to be the e_-c_ended ram number

Proposition 2.7.1

numbers and set

liminf zrL = sup Laf
n> lJ>'_=j"

[6i [541Let {=_} be a seque=e of __,_emded re_

s_" = inf
j>n zj

and

s4 = sup =j.

Then for each rL the following hold:

iv. liminf =r_ <_Hmsup zr_.

Proof. Conclusions (i)-(iii) are obvious from the definitions, _,,_, ,., ,_=

prove only (iv). Define

- = sup s_(= liminf :r_)

and

_+ = infs_(= ]/m sup =r_).

FL'c an integer n; observe that if 1 _< k < r_, then by (iii)

On the other hand, if k > n, then we may apply (5) to obtain
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and thus s_" is an upper bound for {s_'}. This implies that s_- _>s-;

but n was arbitrary, and thus a- is a lower hound for {s_}, showing

that s- < s-, as desired.

__

Theorem 0.7.1[6][S4]Let{==}bea sequenceofe__endedrealnum-
bersand suppose that limzn = =on- If l=o=[< on, then for each e > 0

there is an integer iV such that [a:i - =c=[ < e whenever .7"_> -_.

Proof. Define {s_'} and {s_'} a_ in Proposition 2.7.1 and -_: - ." ,3.

Since sup{an} = --.on = inf{s_'}, we may choose iv"1 and N2 so large
that

and

=on - e _< sN_"

=o=+e <s N

Setting

N = ma.x {N1, -_/2 },

it follows from Proposition 2.7.1 (ii) and (iii) that for ./ _> .,V,

===-e<s x <_=j <sv_<=o= '-e,

from which !-i- =o01 _<_ ifj > ,V.

Definition 2.7.2 [6][841 Let {=,_} be a sequence of reala'_'._

suppose, for each e > O, there is an index N such that [c::
, ._

whenever j,k > N. Then the sequence {ran} is said to be a C_uc&?j

sequence.

Theorem 2.r.2[61 [s41For a seq=ence(==} of _eal
following are equ.ivalent;

i. {=,_}isa Cau&_l aeq=enc'.;

ii. {=r_} converges to some realnumber =0=.

numbers, the

Proof. We first show that (i) -- (ii). By Proposition 2.7.I (iv), it

sufficesto argue that llmsup =r_ _< liminf=_. Fkc e > 0 and choose

N so large that if j,_: >_ N, then ':=i -=_:: <_ _. Then in particular,

j,_: _> N, it follows that zj < z k + e and hence
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inf sup <_ sup a:j < a:_: + .-.
r_>!j>,_ j>:V

Now recall that k >_ N w_ arbitrary., and hence

limsup-.'r_ < sup inf a:_ +_ = liminfzn +e.

Since _ was arbitrary, this shows that (i) -- (i.i). For the converse,

ix _ > 0 and applying Theorem 2.7.1, select an integer N so that

Iz.i - =_', <_ _/2 if j >_ N. Then j,k k N,

I=j -=_I _<I=i -=_', + 1===-=_ < _.

Theorem 2.7.3 The sequences generated bay.,__a.anono..Re_aaEe._-
• . - .:. /.., , y-

mg.

Proof. The nt-_hcompensated node yl(;=)can be described by

y_(k) = A0(1 - a_)y_(k - l) + (1 - ao)Y0 + aoA_1/a

Take (n + I)_-Acompensated mode yl(k + I),

_!(;=+ l) = a0(_ - A_)_l(k) + (1 - ±0)_0 + ±o±_1/a

Subtra¢= one from the other, then

_(k)-y_(k+ i)= Ao(_-- A:)

Since Im0(1-m_)l < l,

Theremre, {!/_(_:) } is mono deczea_ing.

The n_--hcompensated node !/2(_:) can be descibed by

_.(_)= ±0(_- _)1/0(_- i)+ (_- '_0)(_- _:)1/0+ _.1/a

Take (n + 1)t--_compensated node y=(k + i),

V2(_: + 1).= A0(1 -- -'l_.)y2(_) --(1 -- _0)(1 - .!t)Y0 -- =l!ya

Sub_ract one from the other, then
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si=ce 1£o(1 - "_.)1< 1,

= .Xo(1- ,_x_)

_=(_-l)-_=(kii< l

Therefore: {!/__(k)} is mono decreasing.

QED.

,'T-

Theorem 2.T.4 The sequences generated by RCA are Cauchy se-

quences.

Proof. This theorem can be proved by the mathema_icaI induction.

By the Theorem 2.7.3, we can get

--<1

Substitute y!(2) = AO(I - -_1)y1(1) + AoAIya + (1 - AO)YO

±o(! - At)_(1) + %,"_a '--(1 - _o)_o
<I

{l - =o(1 - _)}_:(1) > (1 - "o)yo '- "oa_a

(i) Since 1 - _,)(! - __.) > 0.. we can ge*. the following m"".......... _"

1 --'-k0

I- _o(I- _)yo-
-_o_i

1 - m0(1 - ±,)._a

(H) Assume that

1 - _0

Y_(_)> 1 - ±o(1 - ±_.)_o+
AoAI

1 - _o(I - ±_)ya

(iii) We should prove that

_(_ - 1) > I --/i0

- Ao(1- _)_o '-
_o_i

- ±o(_- ±_)_a

. . cr .... a...1 t . T'_ ,"_ 4If _he above inoua/kv is hold :or any _:, the sequence =en,: .... _, .....

is a Cauchy sequent.- because the sequence by RCA is mono decreasing
by the Theorem 2.7.3.
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Substitute yl(k) with the inequa]duy from (ii),then

i - -_o AoA l

_1(k,l)> ao(1- a_){l_ 'ao(1- a_)_°+ _- ao(l- ,a_)

+(I - Aobo + ao±_._3

Therefore,

_}

I - Ao AOA1

yl(_:+!) > i---'!,0(I-ai) y0 ÷ I-A0(I-AI) y3

By the Theorem 2.7.3, we can get

_2(°-)

Substitute y2(k) = AO(! - AI)y2(_: - i) ÷ (1 - A0)(I - A!)yO + AiyZ

Ao(l - ±_b2(_ - Z)= (z- Ao)(l - _z)_o + ely3 '

(iv) Since t -/!,0(1 - A1) > 0, we can get the following inequality.

(l- _o)(Z-el) ±i
_o.(0> _o+

(v) Assazae that

Y2(_:)> I-AO(I-AI) Y0+ I--AO(I-A!) y3

(vi) We should prove that

(i -- 'k0)(l- -_!) _!

Ifthe above inquaJJtyishold for any _, the sequence genera=e/ oy c2CA

is a Cauchy sequent _-because the sequence by RCA is mono _ecr_:,:!u_

by the Theorem 2.7.3.

_=(_) = _0(_ - ai)_=(_ - _) + (I - _'0)(1 - a_)_0 + "_

Substitute y2(_:) with the inequality from (v), then

_l-Ao)(1 - A_) ±__,2(_+ _) > _o(i - a_.).(_ + _}
m0(1 - al) YO 1 - '-i0(l- 'A!)

+(1 --A0)(I -- -_!)Y0 + -_1Y3

Therefore,

(1 - A0)(l -/-%!) A!

y2(_+l) > 1-A0(1-A!) Y0+ I-A0(I -A!) y3

Therefore, the sequences genera:ed by RCA _re Cauchy sequ_,nc_s by

the Theorem 2.7.2 and Theorem 2.7.3, because {YI} _nd {Y2} conver_e

to some realnumbers and they are mono decreasing.

QED.
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3. Problem Statement, Preliminary Results and Proposed W'ork

3.1 Problem Statement

Consider the VGraph Algorithm for a moving object to find the

collision-fr_ shortest path in a workspace with some obstacles. A lot

of work has been done in this find, which has the following design steps;

• Build the Grown Space Obstacles.

• Find the visible vertices by de;ec:ing inte_erences.

• Build the VGraph with a set of the visible vertices.

• Search the VGraph by the graph search algorithm.

The shortest path from the start to the goal in this VGraph Algo-

ri_hrn is the shortest path among the obstacles in 2D. However, the

path in 3D by the VGrgph Algorithm [28] [29] whose node set contains

only vertices of the Grown Space Obstacles is not guaranteed to be

the shortest collision fr_ path, because the shortest path may involve

going through points on the edges of :he Grown Space Obs_ac!es in 3D.

Loza_o-P_rez [29] points out the drawbacks of the VGraph Algorithm.

The first drawback is related with the rotation of a moving object..

Since the VGraph .dtgori_hrn require moving a obje_ along obstacle

boundaries, shortest paths are very. susceptible to inaccurades in the

object mode2s. This drawback can be solved by using the sliced projec-

tion method 128] [29 i [30 !. However, the VGraph .41gori_hm has serious

drawbacks [29] when the obstacles are tkree-_mensional:

• shortest paths do not tvpica21y traverse the vertices of the Grown

Spac e Obs_acles,

• there may be no paths _a vertices, within the enclosing polyhedral

re,on R, although other types of safe paths within R may e:,_::.

Lozano-P_rez and Wesley [28] try to alleviate the drawback by intro-

ducing some additional ve_ices in the VGraph along the edges of the

Grown Space Obstacles. However, it is unclear how many nodes should

be added in the VCraph to get a good approx/mation to the shortest

path in 3D. The number of additional nodes will in,ease the mew-

or}"space and the comple:dty of the l/Graph, which will restdt in ::

enormous increase of graph searc'n time. Therefore: the better approx-

imation to :he shor:est path in 3D is needed but without increasing

the compie_:y of the VGraph. The Branch and Bound ._lethod [27]

[38] in nonl-near programming could be an alter'native that does not

increase the comple.'dty of the VGraph. However, it needs long compu-

o_
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rational time because of its numeical approac-k and it _ves on/y some

boundaxies of each node foran appro.hmation to the shortest path after

long computational time. So, the Recursive Compensation Algorithm

isproposed in order to guarantee the convergence to the shortest path

in 3D without increasing the comple:dty of the VGraph and the better

appro:dmation to the shortest path in 3D. Therefore, a new a/gorithm,

called the Eztended VGraRA Algorithm, should deal with the drawbacks

of the VGraph Algorithm.

I

The

steps;

i)

2)
Z)
4)
5)

Ex'_ended VGraph Algorithm has the following design

i)
u)
2)

Apply the Or'_hogonal Projection Method to get the Grown _':
Obstacles in 3D.

Project obstacles in 3D onto the projection spaces.

Build the Grown Space Obstacles in 2D.

Sdec: the necessary Grown Space Obstacles for the VGraph.

Reconstruct the Grown Space Obstades in 3D.

Find the visible vemices by detecing interferences.

Build the VGraph with a set of the visible vertices.

Search the VGraph by the graph search algorithm.

Apply the Recursive CornpenaoAion Algori_.hrn to obtain the

collision-fr_shortest path in 3D.

3.2 Preliminary. B.esults

The VGraph Algorithm has b_n implemented to find the collision-

free shortest path in two dimensional space. This VGraph Algo-

r'/thmcan deal with not only translationsof a moving object b,_,

also its rotations by using the 8 sliced projection. For the sL:: i.

tion of the VGraph Algro_hm, see the Problem Statement 3.2.i aa_u
the Problem Statement 3.2.2.

The Or_hogonal Projection Me_hod has bee.n implemented to build

the Grown Space Obstacles in 3D and to represent them in thr_

projected two-dimensional spaces. Since the Or_hogonat Projection

Me_hod avoids building the unnecessary Grown Space O_L :"

it can make the VGraph simpler than any other algorithms that

use all of the Grown Space Obstacles. Therefore, the Or_hogonal

Projection Method can save the memory space to store the represen-

tation of the Grown Space Obstacles amd it can shorten the graph

search time because of the simpler VGraph. For the simulation
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of the O_iogonal Projection Method, see the Prob[em St.xtement

3.2.3.

• The Recursive Compenzation Algorithm has been implemented to

find the collision-free shortest path Le 3D. The Recursive Com-

pen._ation Algorithm can guarantee the convergence to the short-

eat path in 3D without Leczeaaing the complexity of the VGraph.

The property of convergency of the Recursive Compensation Al-

gorithm is proved by the Theorem 2.7.4. Since e is set to I0 -5,

Loza_no-P&ez's alleviation method needs a lot of memory, space to

store (2 + 8 × n x ¢-1) vertices for the VGraph, while the Recur-

sire Cornper_atian AIgori_-hm needs small memory, space to store

(2 ÷ 8 x n) vertices for the VGraph. The accuracy is defined by

e whose value is ve-D" small and n is the number of obstacles in

workspace. Simplifying the VGraph, the Recursive Compensation

Algorithm cam save not only the memory space but also the gaph
seaxch time. ldor the simulation of the Recursive Compensation

Algorithm, see the Problem Statement 3.2.4.

• The Eztended VGraph Algorithm has been presented to solve the;

drawbacks of the VGraph Algorithm. Each module of the Eztended

VGraph Algorithm has been implemented in the Problem State-

ment 3.2.2, the Problem Statement 3.2.3 and the Problem State-

meat 3.2.4.

[Problem Statement 3.2.1] Consider the problem, shown Le Fig. 2.2.1,

a_sumLeg that the objects ace polyhedrons and the2r visual in.formations

axe available and they axe represented by vertices. FLed the collision-

free shortest distance from Start to Goal with _. sliced rotation.

Table 3.2.1 Simulation result of the VGraph algorithm.

The shortest park is calculated by the VGraph ?algorithm.

Start Node = 1, Goal Node = 27,

Path represented by interned nodes: 1 ---* 16 -- 6 -- 27

From To Cost Kot_a,io1_

Start in 0 sliced A3 in 7r. sliced ,t..1')5_ :v

A3 in _ sliced B1 in _ sUced 5.025 0
,-r

BI in _ sliced Goal in 0 sliced 4.031 -:Z

The total cost between Start and Goal = 13.£79

Fig. 2.4.2 shows the collision-free shortest path with ¼ sliced ro_a-

tion by the VGraph Algorithm. The path with ¼ sliced rotation has

13.179 Euc!idean distance, wh.i.Ie the path without sticed rotation has

25.452 Euclidean distance. The path segment with sliced rotation is

described in the Table 3.2.1, the path segment without sliced rotation
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is {Start -- C1 -- Ba -- Be -- Goal}. Hence, the sliced rotation of

the moving object can shorten the Euclidean distance. FTowever, thc;.c

is a trade off betwe_.n accuracy and speed, if the small sliced rotation

is considered, then the better apprommation to the shortest path can

be obta/ned, but more memory space to store each VGr=ph is needed.

The result for the Problem Statement 3.2.1 comes from the fie [PATH I

in Append.i__: B. The programming list of this simulation is av-__l.able in

the Appendix A.

[Problem Statement 3.2.2] Assuming that the horizontal length of the

moving object is2, itsverticallength [s 1 and 8 is _ and obstacles are

_ven as in Fig. 2.3.5, draw the rotational GSpace Obstacles.

Fig. 2.3.6 - Fig. 2.3.1I draw the rotational GSpace Obstacles. The

Problem Statement 3.2.2 shows that the VGraph Algorf_hm can handle

the rotation of a moving object by the _ sliced projection method. The

resultof the Problem Statement 3.2.2 comes from the file[ROTA.TION]

in Appen(_2c D. The programming listfor this simulation is available

in Appendix C.

[Problem Statement 3.2.31 Build the Grown Space Obstacles in 3D by

using the Ort.hogonaI Project.ionMethod, assuming that the object in

3D is'a polyhedron, shown in Fig. 2.8.1. The object has the follow-

ing vertices; _Pi(=I,_I,=I), P2(=1,_2.,.-t), P3(::2,1/2, Zl), .P4(:=2, Yi,.:l),
1/1,=2), 1/2, -'2), Pr(=2, "-.2), P8(=2,1/1, =2), , here ::l =

7,_/1 = 5,=I = 3,=2 = 14,!/2 = I0,=2 = 12.

Fig. 2.8.2 describes thr_ Orthogonal Projections of Worksoace D.

Fig. 2.5.3 describes the Grown Space Obs_ac!es in 2D. Fig. 2.5.4 de-

scribes the reconstruction of the Grown Space Obstacles in 3D. Fig.

2.8.5 describes the Growr_ Space Obstacles of Workspace D. The result

for the Problem Statement 3._°.3 comes from the fie [PROJECTION!

in Appendix J. The programming lisa for this simulation is available in

Appendi_ I.

[Problem Statement 3.2.4] Suppose the fol/o_ving vertices are ca.ic'ala,_cd

bv the l/Graph .4Igoriehrn; 5(3, 2, 4), :VI(? , 4, 10), ,V2(8 , 8, 9), G(4, I1, 2)

shown in Fig. 2.7.1. Calculate the shortest path from the S node to

the G node, assuming that the obstacies are polyhedrals.

When _ is set to !0 -5, the Branch and Bound _l/[ethad n_ds 23018_8

miliseconds, however, the RCA needs only 416 m/liseconds on ".it ?"

il/750. The Euclide=n distance obtained by the RCA is 48% less /.h_z_

that obtained by the VGraph Algorithm. The RCA is 55,000 times
faster than the Breach and Bound Method within the same .- from the

Table 3.2.4. Fig. 2.7.5 describes how fast the RCA works. It is proved

that _he sequences generated by the PC.4 are Cauch1/ sequences by the
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Theorem 2.7.4.Therefore, the number of recursivecompens._ion could

be calculated if _ is known. Or _ could be calculated ifthe number

of recursive compensation is given. Let's compare the Lozano-P_rez's

alleviation method and the R_cursive Compen._a_ion Algom_hm to get

the same accuracy, _,for the Problem Statement 3.2.4.Since _ isset to

10 -5, Lozano-P_rez's alleviation method needs a Io_ of memory space

to store (2 + 2 x 8 x 105) verticesfor the VGraph, while the Recurs4we

Compen._a_ion .41gor_hm needs small memory space to store (2+2 x 8)

vertices for the VGraph. SLmpli'rying the VGraph, the R_cursive Com-

pensation Algoriehm can save not on/y the memory space but also the

g'raph search time. The result of the Problem Statement 3.2.4 comes

from the file [BB_z_t] in Appendix F and the file [RCAau_] i_ ___-

penciL'(I:[.The program.ruing listof this simulation is av-a/lableh_ '.he

Appendix. E and AppencLL_: G.

Table. 3.2.4 Euclidean distance and Computin5 time
A/._orit hm t Distance Computin.g time

VGraph I 20.3283 0

Branch and Bound t 13.7416 2,301.666KCA 13.7416 416

3.3 Proposed Work

• improve the 8 sliced projection method by an algorithm to select

the proper 8.

• Simplify the VGraph of _he polygon by the Convez Rope Algorithm.

• Solve the collision-free Findpath problem for the dynamic 6hera-

cles.

• Exchange the knowledge on the pa$,h plate{rig with other coordd-

nators for the intelligentrobot control.

• Compare the Ez_engeg VGraph .41gori_hm with other algo_,/tkm:
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Appendix A: Simulation of the VGraph Algorithm

1 program VGA(OBSTACLES,GSPACE,VEKTICES,PATH,output);

2{
3

4

5

6

7

8

9

!0

Author : C. H. Chung

Version : 4.7

Date : December i, 1988

Ii
!2

13

14

15

16

17

18

19

2O
21

22

23

24

25

26
27

28

29

3O

31

32

33

34

35

36

37

38

39
40

41

42

43
44

45

46

47

48

49

5O

This program is designed to simulate the VGraph A!gorit.hm. --

It consists mainly of 3 procedures.

o BuildGSpaceObstac!es(List) .
To build the Grown Space Obstacles
INPUT FILE : OBSTACLES, (GSPACE)

OUTPUT FILE : output, GSPACE

output of this procedure : List

•

•

BuildVGraph(A, List).
. To build the VGraph

• The first part of this procedure mainly consists
of the Interference Checking, i.e. the Visible

Vertices, and the second part of this procedure --

mainly consists of the VGraph Construction.
. INPUT FILE :

OUTPUT FILE : VERTICE

input of this procedure : Lis_

output of this procedure : A

SearchVGraph(A, LinkedPath) .
To find the shortest path of the VGraph

LinkedPath holds the information of the shortest

path by the VGraph A!gorit.hm.
• INPUT FILE :

. OUTPUT F_LE : PATH

• input of this procedure : A
output of this procedure : LinkedPath

Pay a special attentation on the data s_ructure of Lis-.
List consists of Si, $2,

A!(!) , A2(1) , BI(!) , B2(!) , C!(!) , C2(I) ,

A!(2) , A2(2) , BI(2) , B2(2) , C!(2) , C2(2) ,

Ai (3) , A2(3) , BI(3) , B2(3) , C1 (3) , C2(3) ,

AI(4) , A2(4) , BI(4) , B2(4) , C!(4) , C2(4) ,

G1, G2.
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51
52
53 type
54 PotntType = record

55 x, y : real;
56 end;

57 VerticeType - ^Nodes;
58 Nodes = record

59 Node : PcintType;

60 Next : VerticeType;
61 end;

62 PathType = ^Item;
63 Item = record

64 Data : integer;

65 Next : PathType;
66 end;

67 CostMatrix = array [I..28,1..28] of real;
68

69 vat

70 A : CostMatrix;

71 List : VerticeType;

72 LinkedPath : PathType;
73 OBSTACLES, GSPACE, VEKTICES, PATH : text;
74

75

76

77

78

79

8O

81 procedure Bui!dGSpaceObstacles(var List : VerticeType);
82 (

83
84

85

86
87

88

89

9O

Author : C. H. Chung

Version : 2.3

Date : November 29, 1988

91

92

93

94

95

96

97

98

99

i00

Procedure BuildGSpaceObstac!es(List) .

To build the Grown Space Obstacles
INPUT FILE : OBSTACLES, (GSPACE)

OUTPUT FILE : output, GSPACE

output of this procedure : List

This pragram will build the Grown Space Obstacles.
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i0!

102

103

104

!05

106

hh : the horizontal length of the object

vv : the vertical length of the object

rr : the sliced angle for rotational Grown Space Obstacles (radi_

I07

108 const

109 Pi= 3.141592;

II0 var

!!!

I12

113

114

115

116

117

118

1!9

120

12!

{Radian}

Object : VerticeType;

ObjectA, ObjectB, ObjectC : VerticeType;
hh, vv, rr : real;

From, To : PointType;

procedure PrintVertice(List : VerticeType);

(
122

123

124

This procedure will print the Linked List for INPUT.

List contains the Start, Goal, and Obstacles.

125

126

127

128

129

130

131

132

133
134

135
136

137

138

139

140

141

142

143

144

145

!46

!47

var

Current : VerticeType;

begin
Current := List;

wri_eln;

write!n(Current^.Node.x :10:3, Current^.Node.y :10:3) ;

Current := Current ^ .Next;

while (Current<> nil)

do begin

write!n(Current ^.Node.x :I0:3, Current^.Node.y :!0:3)_
Current := Current ^.Next;

end;

write!n;

end;

procedure CreateObject(var Object : VerticeType);

(
148

149

150

This procedure creates the object from the input file

by the linked list.
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r

!Sl

152

153

154

15S

156

!57

158

159

160

16!

162

163
164

165

166

167

168

169

170

171

172

173

174

- 175

176

177

178

179

vax

Current : VerticeType;

begin

Object := nil;
if not eof(OBSTACLES)

then begin

new (Object) ;

read!n(OBSTACLES, Object ^ .Node.x,
Object ^ .Node.y) ;

Object^.Next := nil;

Current := Object;
while not eof(OBSTACLES)

do begin
new (Current ^ .Next) ;

Current := Current ^ .Next;

read!n(OBSTACLES, Current ^ .Node.x,

Current ^ .Node.y) ;

Current ^ .Next := nil

end

end

end;

procedure CreateList(var List : VerticeType; From, To : 9ointType)
{

180

181

182

This procedure creates the object from the input file
by the linked list.

!S3
184

185
186

187

188

189

190

191

192

193

194

195

196

197

198

199

2OO

v_r

Current : VerticeType;

Flag : boolean;

begin
List := nil;

if not eof(GSPACE)

then begin
new(List);

List^.Node := From;

List^.Next := nil;

Current := List;

new(Current^.Next);
Current := Current^.Next;

Current^.Node := From;

Current^.Next := nil;

Flag := true;
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20!

202

203

204

205

206

207

208

209

210

21!

2!2
2!3

214

215

216

217

218

219

220

22!
222

223

224

225

226

227

228

229
230

231

232

233

end;

while Flag and (not eof(GSPACE))

do begin

new (Current ^ .Next) ;
Current := Current ^ .Next;

readln(GSPACE, Current ^.Node.x,

Current ^ .Node.y) ;
Current ^ .Next := nil;

if ((Current A.Node.x = 7.0) and

(Current^.Node.y = 1.0))

then Flag := false;
end;

new (Current ^ .Next) ;

Current := Current ^.Next;

Current ^ .Node := To;

Current ^ .Next := nii;

new (Current ^ .Next) ;

Current :-- Current ^ .Next;
Current ^ .Node := To;

Current ^ .Next := nil;

end;

procedure GrownObject(var Object, Grown : VerticeType;
hh, vv, rr : real) ;

{

{" bad *7-
{STOPPING}

{" CASE "

234

235
236

237

238

239
240

241

242

243

244
245

246

247

248

249

250

This procedure builds the Grown Space Obstacles.

where h : horizontal length

v : vertical length

0 < q < Pil2

a! -- (Alx,Aly) ÷ h(-cos(q) ,-sin(q))

a2 -- (Alx,Aly)

a3 -- (A2x,A2y)

a4 = (A2x,A2y) ÷ v(sin(q) ,-cos(q)

a5 = (A3x,A3y) ÷ v(sin(q) ,-cos(q))

a6 = (a5x,aSy) ÷ h(-cos(q) ,-sin(q))

a8 = (A4x,A4y) ÷ h(-cos(q) ,-sin(q))

a7 = (aSx,a8y) ÷ v(sin(q) ,-cos(q))

Fil2 < q < Pi
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251

252

253

254

255

256

257

258

259

•260
261

262

263

264 vat

q -- q- Pi/2

t emp -- h
h - v

v = temp

(to swap h and v)

q = 0

Delete a2, a4, a6, aS.

q = P±/2

Swap h and v.

Delete a2, a4, a6, aS.

265

266

267

26a

269

270

271

272

273

274

275

276
277

278

279

280

281

282

283

284

285

286

287

288

289

290

29!

292

293

294

295

296

297

298

299

300

Current, Head : VerticeTlrpe;
begin

Current := nil;

new (Current) ;

Current^-Nede-x := Object^.Node.x - hh * cos(rr);

Current^-Node-y := Object^.Node.y- hh " sin(rr);
Curren -^.Next := nil;

Head := Object;
Grown := Current;

new (Current ^ .Next) ;

Current := Current ^ .Next;

Current^.Node.x :- Object^ .Node .x;

Current ^ .Node.y :-- Object ^ .Node.y;
Current ^ .Next := nil;

Objec, := Object ^ .Next;
new (Current ^ .Next) ;

Current := Current ^ .Next;

Current ^ .Node.x := Objec, ^.Node.x;

Current ^.Node.y := Object ^ .Node.y;
Current ^ .Next := nil;

new (Current ^ .Next) ;
Current := Current ^ .Next;

Current^.Node.x := Object^.Node.x _ vv _ sin(rr);

Current^.Node.y := Object^.Node.y - vv _ cos(rr);
Current ^ .Next := niL;

Object := Object ^ .Next;
new (Current ^ .Next) ;

Current := Current ^ .Next;

Curren_^.Node.x := 0bject^.Ncde.x + vv - sin(rr);

Current^.Node.y := Object^.Ncde.y '- vv _ cos(rr} ;
Current ^.Next := nil;
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301

302

303

304

3O5

306

307

3O8
309

310

31!

312

313

314

315

316

317

318

319

320
321

322

323

324

325
326

327

32S

329

330

33!

332

b

new (Current A .Next) ;

Current :- Current ^ .Next;

Current^.Node.x := Object^.Node.x + vv - sin(rr) - hh " cos(r=_

Current^.Ncde.y :-- Object^.Node.y - vv " cos(rr) - hh _ sin(rr)
Current ^ .Next := nil;

Object := Object ^ .Next;
new (Current _ .Next) ;

Current := Current ^ .Next;

Current^.Node.x := Objec-_^.Node.x ÷ vv * sin(rr) - hh " c3s(r_-_.

Current^.Ncde.y := Objecu^.Node.y - vv - cos(rr) - hh _ sin(rr'J
Current ^ .Next := nil;

new (Current ^ .Next) ;

Current :- Current ^.Next;

Current^.Node.x := Object^.Node.x - hh " cos(rr);

Current^.Node.y := Object^.Node.y - hh " sin(rr);
Current ^ .Next := nil;

Object := Head;
end;

procedure KotationalGrowth(ObjectA, Objec_B, ObjectC : VerticeTy e
rr, hh, vv : real);

{

333

334
335

This procedure will print the Grown Space Obstaces, ccnsider±--?
the rotational effec--

336

337

338

339
340

341

342

343

344

345

346

347

348

349

35O

va_

GrcwnAl, GrownA2,

GrownB1, GrownB2,

GrownC1, GrownC2 : Ver_iceType;

begin
GrownObject(ObjectA, GruwnA!, hh, vv, rr-0);

GrownObject(ObjectB, GrownBl, hh, vv, rr*0);

GrownObject(ObjectC, GrownCl, hh, vv, rr'0);

GrownOb3ec:(Objec:A, GrownA2, vv, hh, rr'2 - Pi/2);

GrownObject(ObjectB, GrownS2, vv, hh, rr*2 - Pi/2);

GrcwnObject(ObjectC, GrownC2, vv, hh, rr"2 - Pi/2);

while (GrownAl <> nil) do

begin



I

35i

352

353

354

3._5

356

357

358

359

360
361

362

363

364

362

366

367

368

369

370
371

372

373

374

37H

376

377

378

379

38O

381

382

write!n(GSPACE,

writeln(GSPACE,

write!n(GSPACE,

wri_e!n(GSPACE,

writeln(GSPACE,

writeln(GSPACE,

GrownA!

GrownA2

GrownB1

GrownB2

GrownCl

GrownC2

GrownAl^.Node.x

GrownAl^.Node.y
GrownA2^.Node.x

GrownA2^.Node.y
Grown31^.Node.x

GrownBl^.Node.y
GrownB2^.Node.x

GrownB2^.Node.y
GrownCl^.Node.x

GrownCl^.Node.y
GrownC2^.Node.x

GrownC2^.Node.y

:= GrownA!^.Next^.Nex_;

:= GrownA2^.Next^.Next;

:= GrownBl^.Next^.Next;

:= GrownB2^.Next^.Next;

:= GrownCl^.Next^.Next;

:= GrownC2^.Next^.Next;

writeln (GSPACE) ;

end;

end; ( of

procedure

Procedure RotationalGrowth }

Partition(vat Object, 0bjec'_A,

:10:4,

:10:4);

:10:4,

:i0:4);

:10:4,

:10:4);

:10:4,
:10:4);

:10:4,

:10:4);

:10:4,

:10:4);

ObjectB,

Objec_C : VerticeType) ;

383

384

38S

This procedure wil! partition the whole

objects (Objec,A, ObjectB, Objec-.C) .

Objecz inuc 3 small

386

387
388

389

390
391

3Qo

393

394

392

396

397

398

399

400

vaE

i : integer;
Current, CurrentA,

begin

Current := Object;

Curre_tB, CurrentC

Objec_A := nil;

new (ObjectA) ;

ObjectA ^ .Node :: Currant ^ .Node;

ObjectA ^.Next := nil;

Curren_A := ObjectA;
for i := i _o 3 do

begin
new (CurrentA ^ .Next) ;
Current := Curren_ ^.Next;

: VerticeType;



401
402
403

404

405

406

407

408

409
410

41!

412

413

414

415
416

417

418

419

420

42!

422

423
424

425

426

427

428

429

430

431

432
433

434

435

436

437

438

439

440

441

442

443

444
445

446

447

448

449

45O

CurrentA := CurrentA ^.Next;

CurrentA A.Node :- Current ^ .Node;

Curren_A ^.Next := nil;

end;

Current := Curren_ ^.Next;

ObjectB := nil;

new (Oh jec_B) ;

ObjectB ^.Node :-- Current ^ .Node;
Objec-_B ^.Next := nil;

CurrentB := ObjectB;
for i := I to 3 do

begin
new (Curren_B ^ .Next) ;

Current := Current ^.Next;

CurrentB := CurrentB ^.Next;
CurrentB^.Node := Current^.Node;

CurrentB ^.Next :-- nil;

end;

Current := Current ^ .Next;

end;

ObjectC := nil;

new (ObjectC) ;

ObjectC ^.Node :-- Current ^ .Node;
Ob]ectC ^.Next :- nil;

CurrentC :- ObjectC;
for i := I to 3 do

begin
new (CurrentC ^ .Next) ;
Current :- Current ^ .Next;

Curren%C := CurrentC ^.Next;

CurrentC ^.Node := Current ^ .Node;

CurrentC ^.Next := nil;

end;

{ of procedure Partition }

begin { Bui!dGSpaceObstac ies

reset (OBSTACLES) ;

rewrite (GSPACE) ;

rr := Pi / 4;

hh := 2;

vv := I;

T4



451

4S2

453

454

455

456

457

45_

459

460

461

462
463

464

465

466

467

468

469

470

471

472

473
474

475

476
477

478

479
48O

48!

482

483

484 procedure
48S (

CreateObject (Object) ;
Partition(Object, ObjectA, ObjectB, Objec,C);

Ko_ationalGrowth(Objec=A, ObjectB, Objec%C, rr, hh, vv);

From.x := 5.0;

From.y := 7.0;

{ From, To }

To.x := !3.0;

To.y := !_.0;

CreateLis=(List, From, To);

write!n(' Linked List for INPUT __ ') ;

PrintVertice (List) ;

writein;

writein;

write!n(' INPUT FILE : OBSTACLES') ;

write!n;

wr±te!n(' OUTPUT FILE : GSPACE (for the Grown Spac_ 3Ds_acle__
write!n(' VERTICES (for the Visible V.._:.icns) ") ;

write!n(' PATH (for the shortest _anh) _ :

write!n(' output (for this display) :) _

end; ( of Procedure Bui!dGSpaceCbstac!es }

Bui!dVGraph(var A : CostHatrix; vat List : VerticeType);

486

487

488

489

490

49!

492

493

Author : C. H. Chung

Version : 2.0

Da_e : Nove._ber 17, !988

494

49_

496

497

498

499

500

This progr_ will build the Visibi!i=y Graph.

Bui!dVGraph(A, List)
To build _he VGraDh

. The first part of this proce-dure mainly consists of
the In=erference Checking, i.e. the Visible Vertices,



501

5O2

5O3

5O4

5O5

5O6

5O7

50S

5O9

510

511

and the second part of this procedure mainly c_nsists

of the VGraph Construction.

Pay a special attentation on the data structure of List.

List consists of SI, $2,

Al(!) , A2(1) , BI(1) , B2(1) , CI(!) , C2(!) ,

AI(2) , A2(2) , BI(2), B2(2) , CI(2) , C2(2) ,

AI(3) , A2(3) , BI(3) , B2(3) , CI(3) , C2(3) ,

A!(4) , A2(4) , Bl(4) , B2(4) , CI(4) , C2(4) ,
GI, G2 .

5i2

513 var

514 From, To : VerticeType;

515 i, j, n : integer;

5!6

517

518

519

52O

52!

522

523 {

524

525

52S

527

528

529

53O

531

This procedure is ve__y useful in prin_ing a Linked List

to debug the procedure of Bui!dVGraph. So, this procedur_

will remain in the main programming sheet for the future

debugging.

procedure PrintVertice(List : VerticeType);

532

533
This procedure will print the Linked List of the shortest path_

534

535

536

537

528

539

54O

541

542

543

544

545

546

547

548

549

vat

Current : Ver_iceTy_e;

begin

Current := List;

writeln(VEKTiCES,Current ^.Node.x :I0:3,

Current ^.Node.y :I0:3) ;
Current :-- Current ^ .Next;

while (Current<> nil)

do begin

writeln(VEKTICES,Current ^.Node.x :!0:3,

Current^.Node.y :10:3) ;
Current := Current ^ .Next;

end;

write!n (VEKTICES) ;

end;

76



551

552
553

554

555

5._6

557

558
procedure PrintAMatrix(A : CostMatrix);
(

This procedure will print a Matrix.

56!

562

563

564

565

566

567

568

569

570

571

572

573
574

575

576

577

578

579

58O

581

582

vat

i, j : integer;

begin
for i := I to 28 do

begin
writeln (VERTICES) ;

for j := i to 28 do

if A[i, j] < 999

then writeln(VERTICES, '

end;
end;

!A[', i :2:0,': ,

j :2:0,'] =', A[i,j] :!0:4);

procedure LineEquation(From, To : PointType; var a, b : real);
{

583

584
This procedure wi! I. generate a line equation through two poin.-_

585

586

587

588

589

590

59!

592

593

594

595

y .-=

Y2 - Y1

X2 - Xl

Y2 - Y1

:=
X2 - Xl

:= a*X _ b

(X - Xl) + Y1

(X)

X2"Y! - Y2"XI

X2 - Xl

596

597

588

599

6OO

begin

a := (To.y - From.y) / (To.x - From.x);

b :: (To.x " From.y - To.y " From.x) / (To.x - From.x);
end;

OF PCtI:( i ._ ,:.



601

602

603

604

605

606

6G7

608

6G9
function max(a, b : real): real;

{
This function ca!u!ate the maximum.610

61!

612

613
614

61H

616

617

6!8

619

620

62!

622
623

624

62._

626

begin
if a > b

then max := a

else max :-- b;

end;

function rain(a, b : real): real;
{

This function wi!! calculate the minimum.

627

62S

629

630

631
632

633

634

635

636

637

638

639

640

64!

begin
if a > b

then min := b

else rain := a;

end;

function FinalCheck(a, b, Xl, X2, X3, X4,

Yi, Y2, Y3, Y4 : real): boolean;

(
642

643

This function wi!l find the Interference in the noL-_ai case.--

644

645

646
647

648

649
65O

vat

x, Y,

x/nin, Ymin,

Xmax, Ymax : real;

begin

78



65!

652

653

654

655

656

657

658

659

660
661

662

663

664

665

666

667

668

669

670

67!

672
673

674

675

675

677

678

679

68O

681

6a2

683

684

685

686

687

688

689

end;

Xmin. :_ max(Xl, X3) ;

Xmax :7 rain(X2, X4).;

Ymin := max(Yl, rain(Y3, Y4)) ;

Ymax ;--rain(Y2, max(Y3, Y4));

Y := Y2;

X := (Y - b) / a;

if (X > X_is) and (X < Xmax)

then Fina!Check := true

else begin
X := X2;

Y := a " X ÷ b;

if (Y > Y_in) and (Y < Ymax)

then FinalCheck := true

else begin
Y := YI;

X := (Y - b) / a;

if (X > Xmin) and (X < Ig/a;.:.'._',
then FinalCheck := true

else begin
X := Xl;
Y := a * X -- }_

if (Y > Ymin, _

then Final:.._:.

end;

end;

end;

function Detectlnterference(Object : Ver'.iceType;

From, To : PointType) : boolean;

{

'ic

690

691

This function wi!l classify the Interference.

692

693

694

695

696

697

698

699

700

vat

a, b,

tempX, tempY,
XI, X2, X3, X4,

Y!, Y2, Y3, Y4 : real;

Current : VerticeTyp. e;

begin

T9

ORIGINAL i '';_- _ "

OF POOR QUi_L_TY



701

702

703

704

7O5

706
707

708

709

710

7!:

712
713

714

715

7!6

7!7

718

719

720

72!
722

723

724

725

726

727

72S

729
730

731 (4.

Current := Object;

(I. Swap From and To by the X position,
in order to set From to the left of To.}

if From.x > To.x

then begin

tem._X :- From.x;

tempY := From.y;
From.x := To.x;

From.y := To.y;

To.x := tempX;

To.y := tem DY;
end;

(2. Define X!, X2, X3, X4, Y!, Y2, Y3, Y4.}

Xl := Currer_t^.Node.x;

Y2 := Current ^.Node.y;
Current := Current ^ .Next;

X2 := Current ^ .Node.x;

Current := Current ^ .Next;

Y1 := Current^.Node.y;

Current := Object;
X3 := From.x;

Y3 := From.y;
X4 := To. x;

Y4 := To .y;

(3. Find the x, y boundary of the object.

However, Step 2 implies Step 3.}

Find the line equation through_ From and To and its boundary.}

734

735

736

737

738

739
740

741

742

743

744

745

746
747

748

749

732 if (X3 • X4) and (Y3 = Y4)

733 then Detect!n%erference := false

else if (X3 = X4)

then if (X2 > XI) and (X3 < X2)

then _= (min(Y3,Y4) > Y2) or (max(V_) < >'

then Detec:Zn_erference := _L:.e

else DetectZnterference := true
else DetectInterference := false

else if (Y3 = Y4)

then if (Y3 > YI) and (v3 < Y2)

then if (min(X3,X4) > X2) or

(max(X3,X4) < X!)

then Detect!nterference := _a!se

else Detectlnterference := true --

else Detectlnterference := false

else begin

LineEquation(From, To, a, b);

750 {5. & 6. is implied in Detect!nterference. }

86)



m

751

752

753

-- 754

755

756

_ 757

758

759

760

-- 761

762

763

-- 764
765

766

767

76a

769

end;

if (min(Y3,Y4) >= Y2) or

(max (Y3, Y4) < = Y!) or

(min(X3,X4) >= X2) or

(max(X3,X4) <= X!)
then Detec,!nterference := false

else Detectlnterference :=

Fina!Check (a, b, XI, XZ,

X3,X4,Y!,Y2,Y3,Y4)

end;

770

771

772

773

774

775

776

777

778

779
78O

This procedure is very useful in checking the Interference
between the line and obstacles, and if there is any

interference, then this procedure will print out the
information on it. However, this procedure will remain

in the main programming sheet for the future debugging.

procedure PrintInformationOnlnterference(Object : VerticeType;

From, To : PointTv_e;
First, Second : char);

This procedure will print the information on Interference.

783

784

78.=
786

787

788

789

790

791

792

793

vat

Current : VerticeType;

begin

Current := Object;
if Detect_nterference(Curren%, From, To)

then begin

write!n(VEKTICES,' in Object '
PrintVertice(Current);

end;

end;

, First, Second) ;

794

795

796

797

798

799

8OO function Interference(List : VerticeType; From, To : PcintType;

OF POOR ,._;.,.

81



801

802

COUNT : integer): boolean;

803

804

805

This function will find

Grown Space Obstacles.

the Interference with the rotauionai

8O6
807

8O8

809

810

811

8!2

813

814
815

816

817

818

819

82O

821

822

823
824

825

826

827

828

829

83O

83!
832

833

834

835

836

837

838

839

84O

841

842

843

844

845

846

847
848

849

85O

vat

Current,

HeadAl, HeadA2,

Heac_l, HeadB2,

HeadCl, HeadC2,

ObjeczAl, Objec_%2,

Objec:Bl, ObjectS2,

ObjectCl, ObjectC2 : VerticeType;

begin
Current := L£st;

Current := Current^.Next;

Current := Current^.Next;

ObjectAl := nil;
new (Objec=A1) ;

Objec-Al ^.Node := Current ^ .Node;

ObjectAl ^.Next := nil;
Current := Current ^ .Next;

Objec_A2 := nil;
new (Oh jecv__2) ;

ObjectA2 ^.Node :-- Current ^ .Node;

ObjectA2 ^.Next := nil;
Current :-- Current ^ .Next;

ObjectBl := nil;

new (Oh jectB!) ;

Object_Of ^.Node := Current_ ^.Node;

ObjectBl^.Next := nil;
Current := Current ^ .Next;

Objec:B2 := nil;
new(ObjectB2);

ObjectB2^.Node :: Current^.Node;

ObjectB2^.Next := hi!;
Current := Current^.Next;

ObjectC! :-- nil;

new (ObjectCl) ;

Objec_Cl ^.Node := Current ^ .Node;

ObjectC! ^.Next := nil;
Current := Current ^.Next;

( Skip Sl.}

{ Skip S2.}

8__



85!
852
853
854
8-=5
856
8-=7
858
8.=9
86O
861
862
863
864
86-=
866
867
868
869
87O
871
872
873
874
875
876
877
878
879
88O
88!
882
883
884
88-=
885
887
888
889
89O
89!
892
893
894
895
896
897
898
899
9OO

ObjectC2 := hi!;
new (Ob jectC2) ;
Objec_C2 ^.Node :: Current ^ .Node;

ObjectC2 ^.Next := nil;
Current := Current ^ .Next;

HeadAl := ObjectA!;

HeadA2 := ObjectA2;

HeadBl := Objec-Bi;
HeactB2 := ObjectB2;

HeadC! := ObjectCl;

HeadC2 := ObjectC2;

while

do
Current^.Next^.Next <> hi! ( Skip

begin

new(ObjectAl^.Next);

ObjectAl := ObjectAl^.Next;

ObjectA!^.Node := Current^.Node;

Objec'_Al^.Next := nil;
Current := Current^.Next;

new (Oh jectA2 ^ .Next) ;

ObjectA2 :: ObjectA2 ^.Next;

Objec-A2^.Node := Current^.Node;

Objec'--_2 ^.Next := hi!;
Current := Curr=_nt ^.Next;

new(Object_l ^.Next) ;

ObjectBl := ObjectBl ^.Next;

Object31 ^.Nmde := Current ^ .Node;

Objec--31^.Nex: := nil;
Curren: :: Current ^ .Next;

new(ObjectB2 ^.Next) ;

Objec-S2 := Cb3ect32^.Nex-;

Object32^.Node :: Curren:^.Node;

0bjectB2 ^.Next :-- hi1;
Current :: Current ^ .Next;

new(ObjectC! ^.Next) ;

ObjectCl := ObjectCl ^.Next;
ObjectCl^.Node := Curren:^.Node;

ObjectC!^.Nex, :: nil;
Current := Current ^ .Next;

new(ObjectC2^.Next);

ObjectC2 := ObjectC2^.Next;

ObjeczC2^.Ncde :: Curren=^.Node;

Ob_eczC2^.Next := nil;
Current := Current ^.Next;

GI, G2 .}



901

902
903

904

9O5
906

907

9O8
909

910

911

9!2

913

914

915

916
917

918

919

920

921

922
923

924

925

925

927

928

929

930

931

932
933

end;

end;

Objec_A1 := HeadA1;

Objec_A2 := HeadA2;

ObjectBl := Head_l;

ObjectB2 := HeadB2;

ObjectC! •= HeadCl;
ObjectC2 := HeadC2;

if COUNT = COUNT div 2 " 2

then if Detectlnterference(ObjectA2, From, To) _
DetectIn_erference(ObjectB2, From, To> ,_,_
DetectIn=erference(ObjectC2, From, To>
then Interference := true

else Interference := false

else if DetectInterference(ObjectA1, From, To) or

DetectInterference(Objec_Bl, From, To) or

DetectInterference(ObjectCl, From, To)
then Interference := true

else Interference := false;

{ Of function Interference }

function CrossDiagonal(Object : Ve_iceType;
From, To : PointType) : boolean;

{
934

935
._36

937

938
939

940

941

942

943
944

945

946

947
948

949

95O

This function will determ, ine whether two vertices are in

_he disgoan! of the same object.

vat

Current!, Current2, Current3, Current4 : Ver_ic_'x_..

tempX, tempY : real;

begin

Currentl := Object;
Current2 := Currentl ^.Next;

Current3 := Current2 ^_Next;
Current4 := Current3 ^.Next;

if From.x > To.x

then begin

tempX := From.x;

tempY := From.y;
From.x := To.x;

84



(

95!

952

953

954

955

956

957

958

959

96O

96i

962

963

964

965

966

967

968

969

97O

971

972

973

974

975

976

977

From.y := To.y;

To.x := tom,X;

To.y := tempY;

end;

end;

if (Current!^.Node.x = From.x) and

(Currentl^.Node.y = From.y) and

(Current3^.Node.x = To.x) and

(Current3^.Node.y = To.y)

then Cr:ssDiagonal := true

else if (Current2^.Node.x = To.x) and

(Current2^.Node.y = To.y) and

(Current4^.Node.x = From.x) and

(Current4^.Node.y = From.y)

then CrossDiagonal := true

else CrossDiagonal := false;

{ Of function CrossDiagonal }

function CrossVer_ices(List : VerticeTy3De;

FroM, To : PointType) : boolean;
{

978

979

980

This function wi!! find the Interference with the rotational

Grown Space Obstacles.

981

982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

lOGO

va=

C_=rent,

HeadA!, HeadA2,

Head_l, HeadB2,

HeadCl, HeadC2,

Objec_Al, ObjectA2,

ObjectBl, Objec_B2,

ObjectC!, ObjectC2 : VerticeT?-pe;

begin
Current := List;

Current := Current^.Next;

Current := Curren_^.Next;

ObjectA! := nil;

new(ObjectAl);

ObjectA!^.Node := Current^.Ncde;

ObjectAl^.Next := nil;

Current := Current^.Next;

{ Skip Si.}

{ Skip S2.}

8_



.JOl
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014

1015

1016

1017

I0!8

1019

1_20
1021

1022

1023

1024
1025

)26
L027

1028

1029

1030

1031

1032
1033

1034

I035

1036

1037

1038

1039

1040

1041

1042

1043

i044

1045

1046
1047

1048

1049

1050

ObjectA2 := hi!;

new (Oh jectA2) ;

0bjectA2 ^.Node := Current ^ .Node;

0bjectA2 ^.Next := nil;
Currenn := Current ^ .Next;

ObjectB1 := nil;

new (ObjectBl) ;

ObjectBl ^.Node :-- Current ^ .Node;

ObjectBl ^.Next := hi!;
Current := Current ^ .Next;

0bjectB2 := nil;

new (ObjectS2) ;

ObjectS2 ^.Node := Current ^ .Node;

Objec=B2 ^.Next := nil;
Current := Current ^ .Next;

ObjectC! := hi!;

new (Oh jectCl) ;
0bjectC! ^.Node := Current ^ .Node;

0bjectCl^.Next := nil;
Current := Current ^ .Next;

Objec'.C2 := hi!;

new (ObjectC2) ;
0bjectC2 _ .Node := Current A.Node;

Objec_C2 ^.Nex- := nil;
Current := Current ^ .Next;

HeadA! := Objec-_A!;

HeadA2 := 0bjectA2;

HeadBl := 0bjectB!;

HeadB2 := Cbject_2:

HeadCl := 0bjectCl;

HeadC2 := 0bjectC2;

while

do
Current^.Next^.Next <> hi! { Skip

begin

new(ObjectA!^.Nex:);
ObjectAl := CbjectAl^.Next;

ObjectA!^.Node := Current^.Node;

ObjectAl^.Next := hi!;
Current := Current^.Next;

new(ObjectA2^.Nex_);

ObjectA2 := ObjectA2^.Next;

Ob]ectA2^.Node := Curren_^.Node;

Objec:A2^.Next := hi!;

GI, G2 .}
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1051
1052
1053
I054
1055
i056
1057
!058
I059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
107!
1072
1073
1074
1075
1076
1077
I07_
1079
!080
I081
1082
1083
!084
!08_
1086
1087
1088
1089
1090
1091
1092
1093
!094
1095
1096
1097
1098
!099
i!00

end;

Current := Current^.Next;

new(Objec_B!*.Next);
ObjectBl := OhjectBl^.Next;
ObjectSlA.Node := Current^.Node;
ObjectBl^.Next := nil;
Current := Cur=ent^.Next;

new (ObjectB2 ^ .Next) ;
Object_C2 := Object32 ^.Next;
Object32 ^.Node := Curren: ^.Node;
ObjectB2 ^.Next := nil;
Current := Current ^ .Next;

new (ObjectCl ^ .Next) ;
ObjectCl := ObjectCl^.Next;
ObjectC! ^.Node := Current ^.Node;
ObjectCi ^.Next := nil;
Current := Current ^ .Next;

new (Ohjec=C2 ^ .Next) ;
ObjectC2 := ObjectC2^.Next;
Ohjec:C2 ^.Node := Current ^ .Node;
ObjectC2 ^.Nex_ := nil;
Current := Current ^ .Next;

end;

ObjectAl := HeadA!;

Objec:A2 := HeadA2;

ObjectBl :: HeadBl;

Objec:S2 := Head3B2;

Objec_Cl := HeadC!;

Objec_C2 := HeadC2;

if CrossDiaqona!(ObjectA!, Frzm,
CrossDiagonai(ObjectA2, From,

CrossDiagonal(ObjectBl, From,
CrossDiagonai(ObjectB2, From,

CrossDiagona!(ObjectCl, From,

CrossDiagona!(Objec:C2, From,
then CrossVertices := true

else CrossVer:ices := false;

{ Of Function CrossVertices

To) or

To) or

To) or

To) or

To) or

To)
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ii0!
1102
1!03

function GrownDeadNode(Object : VerticeType;
Data: PointType) : boolean;

(
1104

1105

This function will classify the Dead node.

1106

1107
1108

1109

III0

i!!I

1112

1113

1114
1115

l!16

1117

II!8

1119

1120

1121

1122

1123
i124

I125

1126

1127

I!2S

L129

1130
1131

1132

1133

1!34

1135

1136

1137

var
X!, X2, X3,

YI, Y2, Y3 : real;

Current : VerticeType;

begin

Current := Object;

X! := Current^.Node.x;

Y2 := Current^.Node.y;
Current := Current^.Next;

X2 := Current^.Node.x;

Current := Current^.Next;

Y! := Current^.Node.y;

Current := Object;
X3 := Data.x;

Y3 := Data.y;
if (X3 > XI) and (X3 < X2) and (Y3 > YI) and (Y3 < Y2)

then GrownDeadNode := t_rue
else GrownDeadNode := false;

end;

function Dead_Node(List : VerticeType; Data : _e_.ntTT__;

i : integer): boolean;

{
1!38

1139

1140

This func%ion will find the Dead Node with the roua_ional

Grown Space Obstacles.

114!
1142

1143

1144

1145

1146

1147

1148

1!49

1150

vat

Cur=ent,
HeadAl, HeadA2,

HeadBl, HeadB2,

HeadCl, HeadC2,

ObjectAl, Objec:A2,

ObjectBl, ObjectB2,

ObjectCl, ObjectC2 : VerticeTvpe;
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1152

1153

1154

-- 11.=5

1156

1157

-- 1158

1159

1160
1161

1162

1163

1164

-- 1!65

1166

1167

_ 1168

1169

1170

1171

-- 1!72

1173
I174

-- _ 175

.76

1!77

I178

I179

I180

!!81

-- 1182

1183

1184

-- I!S5

1186

1187

1!88

!189

1190
1191

-- 1192

1193

1194

_ 1195

1196

!197

1198

-- 1199

1200

begin
Current := List;

Current := Current ^.Next;

Current := Current ^.Next;

ObjectA1 "= nil;

new (Oh jectA!) ;

ObjectAl ^.Node := Current ^ .Node;
ObjectA! ^.Next := nil;
Current := Current ^.Next;

ObjectA2 := nil;

new (Oh jec-_A2 ) ;

ObjectA2 ^.Node := Current ^ .Node;

ObjectA2 ^.Next := nil;
Current := Current ^ .Next;

ObjectBl := nil;

new(ObjectBl) ;

Objec_Bl^.Ncde := Current^.Node;
Objec=B! ^.Next := nil;
Current := Current ^ .Next;

ObjectB2 := nil;

new (Oh jectB2) ;

ObjectB2 ^.Node := Current ^ .Node;

ObjectB2 ^.Next := nil;
Current := Current ^ .Next;

ObjectCi := nil;

new (ObjectC1) ;

Objec=C! ^.Ncie := Current ^ .Node;

Objec-C!^.Nex: := nil;
Current := Current ^ .Next;

ObjectC2 := niL;
new (Oh jectC2) ;

ObjectC2^.Node := Current^.Node;

ObjectC2 ^.Next := nil;
Current := Current ^ .Next;

HeadAi := ObjectA!;

HeadA2 := ObjectA2;

HeadBi := ObjectB!;

HeadB2 := ObjectS2;

HeadC! := Ob3ectCl;

HeadC2 := ObjectC2;

while Current^.Nex=^.Next <> nil

do begin

{ Skip

{ Skip

{

Sl.}
S2.}

Skip G1, G2 .}
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1201

1202

1203

1204

1205

1206

1207

1208
1209

1210

1211

1212

1213

1214
1215

1216

1217

1218

1219

1220

1221

1222

1223
1224

1225
1226

1227

1228

1229

1230

1231
1232

1223

1234

1235

1236

1237

1238

1239

1240

1241

1242

1243

1244
1245

1246

1247

1248

1249

1250

end;

new (0b jectAl ^ .Next) ;

ObjectA1 := Objecr-Al^.Next;

ObjectAl ^.Node := Current ^ .Node;

ObjectA1 ^.Next :-- nil;
Current := Current ^.Next;

new (0bjectA2 ^ .Next) ;

ObjectA2 := Objecr-_2 ^.Next;

ObjectA2 ^.Node := Current ^ .Node;

ObjectA2 ^.Next :-- nil;
Current := Current ^ .Next;

new (ObjectBl ^ .Next) ;

ObjectBl := ObjectBl^.Next;

ObjectBl ^.Node := Current ^ .Node;

ObjectBl ^.Next := nil;
Current := Current ^ .Next;

new(ObjectB2^.Next);

ObjectB2 := ObjectB2^.Next;
ObjectB2^.Node := Current^.Node;

ObjectB2^.Next := ni!;
Current := Current^.Next;

new(ObjectCl^.Next);

ObjectCl := Objec=Cl^.Next;
ObjectCl^.Node := Current^.Node;

ObjectCl ^.Next := nil;
Current := Current A.Next;

new (ObjectC2 ^ .Next) ;

ObjectC2 := Objec:C2^.Next;
ObjectC2^.Node := Current^.Node;

Objec_C2^.Next := nil;
Current := Current^.Next;

ObjectA1

ObjectA2

ObjectBl

ObjectB2

ObjectCl

ObjectC2

if (i =

then

:= HeadA!;
:= HeadA2;

:= Head.Bl;
:= HeadB2;

:= HeadC!;

:= HeadC2;

idiv 2 " 2)

if GrownDeadNode(ObjectA2,

GrownDeadNode(ObjectB2,

GrownDeadNode(0bjectC2,

then Dead_Node := true

else DeadNode := false

Data)

Data)

Data)

or

Or

9O

ORIGINAL PAGE IS
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1251

1252

1253

1254

1255

1256

!257

1258

1259

1260
1261

1262

1263

1264 begin
1265

1266

1267

1268

1269

1270

1271

1272
1273

1274

1275

.276

1277

1278

1279

1280

!281

1282

1283

1284

-- 1285

!286

1287
-- 1288

1289

1290

129!

1292

1293

1294

-- 1295

1296

1297

-- 1298

i299

1300

end;

else if GrownDeadNode(ObjectAl, Data) or

GrownDeadNode(ObjectB!, Data) or

GrownDeadNode(ObjectC1, Data)
t_en DeadNode := true

e!se Dead.Node := false;

rewrite(VEKTICES);

{ Buii_J_,__..

n := 28; { Dimension of Cost In,n] }

for i := I to n do

for j := I to n do

A[i,j] := 9999.99; ( 9999.99 means the inf!ni_; _-

From := List;

To := List;

i := 0;

j := 0;

while From <> nil do

begin
i := i ÷I;

if Dead.Node(List, Frem^.Ncde, i)

then { nothing }

else begin
To := List;

j := 0;
while To <> nil do

begin

j := j ÷ I;
if (From = To) or

CrossVertices(List, From^.Node, To^.Ncde)

Dead, Node(List, From^.Node, j) or

Dead.Node(List, To^.Node, j) or
Interference(List, From^.Node, T_.Node,

then { nothing }

else All,j] := sqrz(
(From^.Node.x - To^.Node.x_

(From^.Ncde.x - To^.Node.x:

(From^.Node.y - To^.Node.y ,

(Frcm^.Node.y - To^.Ncde.v

To := To^.Next;

end;

9_
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1301

1302

1303

1304

1305

1306

1307 end;

1308

1309
1310

1311

1312

!313

1314

1315

end;

From := From^.Next;

end;

PrintAM.at__ix (A) ;

{ Of Procedure BuildVGraph }

1316 procedure SearchVGraph(A : CostMatrix; vat LinkedPath : PathType);

1317 (

1318
1319

1320

1321

1322
!323

1324

1325

Author : C. H. Chung

Version : 2.7

Date : November 7, 1988

1326

1327

1328

1329

1330

1331

!332
1323

!334

!335

1336

1337

1338

1339

1340

1341

1342

1343

1344

1345

!346
1347

This program will ca!u!ate the shortest path by Floyd A!gorit_hm.

SearchVGraph(A, LinkedPath)
• To find the shortest path of the VGraph

LinkedPath holds the information of the shortest path

by the VGraph Algorithm.
INPUT FILE :

OUTPUT FILE : PATH

input of this procedure : A

output of this procedure : LinkedPath

LinkedPath : PathType; """ output of procedure SearchVGraph "'"
/- Linked LinkedPath for the shortes_ path _/

A : Cos_Matrix; /- A : Cost matrix for Floyd Algorithm "/ --

P : PathMatrix; /_ P : Path Matrix for Floyd Algorithm "/

n : integer; /- Dimension of Cost (Path) Matrix */
Cost : real; /_ Cost of the shortest path

1348

1349 type
!3_0 Pat_hMatrix = array [1..28,1..28] of integer;
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1351 vat
1352
1353
!354
1355
1356

-- 1357
1358
1359

_ 1360
!361

P : PathMatrix;
n : integer;
Cost : real;

{ Path Matrix for the Floyd Algorit.hm }
{ Dimension of the Cost (Path) Matrix }
{ Cost of the shorzest path }

1362
1363
1364
1365

procedure InitializePath(var P : PathMatrix;
var LinkedPath : PathT_9._u
vat n : integer);

(
1366

1367

1368

1369

1370

1371

1372
1373

-- 1374
'375

.376

-- 1377

137B

1379

1380

!381

1382

1383

-- 1384

1385

1386

_ 1387

1388
!389

1390

-- !391

1392
1393

-- 1394

1395

1396

1397

1398

1399

1400

This procedure will initialize the Cost Matrix and Path Ma%rlx

The Path Matrix are automaticai!y set to zero.

The Cost Matrix should be defined by User.

The Start node and Goal node should be defined by User

9999 means the infinitive.

vex

i, j : integer;

Start, Goal : integer;

begin
n := 28;

Start := I;

Goal := 27;

for i := 1 to n do

for j :- I to n do

PCi,j] :: 0;

{ Start, Goal }

LinkedPath := nil;

new(LinkedPa_h);

LinkedPath^.Data := Start;

LinkedPath^.Next := nil;

new(LinkedPath^.Next);

LinkedPath^.Next^.Data := Goal;

LinkedPath^.Next^.Next := nil

end;

g3



1401

1402

procedure PrintPath(LinkedPath : PathTv_e);

(
1403

1404

1405

This procedure will print the Linked LinkedPath of the shorr%_

path.

1406

1407

1408

1409

1410

1411

1412

1413

1414

1415

1416

1417

1418

1419

!420

1421

1422

1423

1424

1425

1426

1427

1428

var

Current : PathType;

begin
write(PATH, ' Path represented by internal nodes =

Current := LinkedPath;

write(PATH, Current^.Data :7);

Current := Current^.Next;

while (Current<> nil)

do begin

write(PATH, Current^.Data :7);

Current := Current^.Next;

end;

writeln (PATH) ;

end;

procedure WriteVertice(i : integer);

{
This procedure prints vertice.

');

1429

1430

1431

1432

1433

1434

1435

1436

1437

1438

1439

1440

1441

!442

1443

1444

1445

1446

1447

144_

1449

1450

begin
case i of

! : write(PATH,

2 : wrlte(PATH,

3 : write(PATH,

9 : wr_te(PATH,

!5 : wrlte(PATH,

21 : wr_te(PATH,

5 : write(PATH,

!i : write(PATH,

17 : wr_te(PATH,

23 : wr:te(PATH,

7 : wrlte(PATH,

13 : wr:te(PATH,

19 : wrlte(PATH,

25 : wrlte(PATH,

4 : wr:te(PATH,

I0 : wrlte(PATH,

16 : wr:te(PATH,

22 : wr_te(PATH,

START in 0" sliced');

START in 90' sliced' ;

A1 in _ 0" sliced ;

A2 in

A3 in

A4 in

B1 in

B2 in

B3 in

0" sliced ;

0" sliced ;

0" sliced ;

0" sliced ;

0" sliced ;

0" sliced' ;

);

);

);

);

);

B4 in 0" sliced'

C1 in 0" sliced

C2 in 0" sliced

C3 in 0" sliced

C4 in 0" sliced

A1 in 90" sliced

A2 in 90" sliced );

A3 in 90" sliced');

A4 in 90' sliced');
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1451

1452

1453

1454

1455

1456

1457

1458

1459

1460

1461

1462
1463

--1464

1465

1466

_1467

1468

1469

1470

--1471

1472

6 : write(PATH,

12 : wr_te(PATH,

18 : write(PATH,

24 : wrlte(PATH,

8 : wr_te(PATH,

14 : write(PATH,

20 : write(PATH,

26 : write(PATH,

27 : write(PATH,
28 : wrlte(PATH,

end;

end;

BI in 90" sliced');

B2 in 90" sliced );

_3 in 90" sliced );

B4 in 90" sliced );

C! in 90" sliced );

C2 in 90" sliced );

C3 in 90" sliced );

C4 in 90" sliced );

GOAL in 0" sliced );

GOAL in 90" sliced');

procedure .--nt---t-yL!nke--a-h(A:
var LinkedPath : PathT2-o.e);

{
1473

--1474

" 475

476

_1477

This procedure wi!l print all nodes of the s_er%est path and
rotation between any two nodes.

.__nt.a_h wi!! _rint the Linked LinkedPath of the shor_es_
path.

1478

1479

1480

--!481

1482

1483

_ !484

1485

1486

1487
--1488

1489

1490

-- !491

1492

1493

_ 1494

1495

1496

1497
-- 1498

i499

1500

v_

Current : Pa%hType;

Flag : integer;
first, second : integer;

i, j : inzeger;

begin
PrintPath (LinkedPath) ;

write (PATH, '

writeln (PATH, '

writeln (PATH) ;

writeln (PATH) ;
write (PATH, ' From

write!n (PATH, '

Current := LinkedPath;

firs= "= Curren=^.Data mod 2;

To');

Cost Rotation ');

{ 2 is related wi=h

the siiced-anqle.}

second := Current^.Nex t^.Data mod 2;

F!ag := first - second;
i := Curren=^-Data;

j := Curren=^.Nex%^.Data;
write!n (PATH) ;

WriteVertice (i) ;
write (PATH, ' _____--> ,) ;

95



_501
1502
1503
1504
1505
1506
1507
1508
1509
15!0
1511
!512
1513
1514

1515

15!6

1517

1518

1519

1520

1521
1522

1523

1524

1525
1525

1527

152S

1529

1530

1531

1532

1533
1534

1535

1536

1537

1538

1539

1540

1541

WniteVertice (j) ;

write (PATH, '

case Flag of
-I : writeln (PATH, '

O : writeln (PATH, '

1 : wri_e!n(PATH, '
end;

Current := Current ^.Next;

',A[i,j] .'7:3);

<-90" > ') ;

<0">');

<90"> ') ;

while (Current^.Next <> nil)

do begin
i := Current ^.Data;

j :-- Current ^.Next ^.Data;
if (Current^ .Next^ .Next _ nil) or

(Current^.Nex-._.Data > 26)

then j := Current ^.Next ^.Data;

WriteVertice (i) ;

write (PATH, ' ....... > ') ;

WriteVertice (j) ;
write(PATH, ' ', A[i,Current^.Next^.Data] :7:3_ •

first := Current^.Da_a _cd 2;
second := Cur_-ent^.Next^.Data _Iod 2;

Flag := first - second;

case Flag of
-i : writeln(PATH, '

0 : write!n (PATH, '

1 : wri_e!_ (PATH, '
end;

Current := Current ^ .Next;

end;

end;

<-90">');

<0">');
<90">');

procedure PrintCostAndPath(A : CostMatrix; LinkedPath : PathT._._
Cost : real);

{
1542

1543
This procedure will print the shortest path and ius c:st. _

1544

1545

1546

1547

1548

1549

1550

vat

Current : PathType;

Start, Goal : integer;

begin
Current := LinkedPa_h;

Start := Current^.Daua;
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_551
1552
1553
1554
1555
1556
1557
1558
1559
!560
156i

1562

1563
1564

- 1565

1566
1567

1568

1569

1570

1571

-- 1572

1573

1574

-- 1.575
i 576

1577

1578

1579

1580

1581

1582

1583

1584

1585

1586
1587

1588

1589

1590

while (Current ^.Next <> nil)

do Current := Current^.Next;

Goal := Current ^.Data;

wr_te!n (PATH) ;

wrzteln (PATH) ;

wr_.te!n (PATH) ;

wr!teln (PATH) ;
wrlte(PATH, ' ') ;

wrlte!n(PATH, '

write!n (PATH) ;

wr!te(PATH, ' The shortest path is calculated by');

write!n(PATH, ' =he Graph Search Algorit_hm.') ;
write!n (PATH) ;

write!n (PATH, ' Start Node = ', Start :3,

Goal Node = ' Goal :3) ;,

write!n (PATH) ;

write (PATH, '

write!n (PATH, '

writeln (PATH) ;

PrintPrettyLinkedPath (A, LinkedPath) ;
wrlte!n (PATH) ;

wrlte (PATH, '

wr_te!n (PATH, '

write!n (PATH) ;
write!n(PATH, ' The Total Cost =

write (PATH, '

write!n (PATH, '
write!n (PATH) ;

write!n (PATH) ;

');

' Cast :6:3) ;I

');
');

end;

');

');

procedure EindPath(var P : PathMatrix; var LinkedPath : PathT]Ge

(
1591

1592

1593

1594

1595

1596

1597

1598

1599
1600

This pr_ced,_re wi II find the shortes_ path _r_._ ;_...... ' ix

vat

i, j : integer;
Current : PathTyp. e;

begin
i := LinkedPath^.Data;

j := LinkedPath^.Next^.Data;
Current := hi!;
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1601
1602
1603
1604
1605
1606
1607
1608
1609
1610
1611
1612
1613
1614
1615
1616
1617
161S
16!9
1620
1621
1622
1623
1624
1625
1626
1627
162S
1629

I630

1631

1632

1633

1634

!635

1636

1637

1638

1639

1640

1641
1642

!643

1644

1645

1646

1647

1648

1649

1690

if P[i,j] = 0
then

else begin
new(Current);

Current^.Data := P[i,j];
Current^.Next := Linke_Path^.Next;

LinkedPath^.Next := Current;

FindPath(P,LinkedPath);

FindPath(P,LinkedPath^.Next);
end;

end;

procedure FindCost(A : CostMatrix; LinkedPath : PathType;
vat Cost : real);

{
This procedure will find the cost of the sht" _['_ _!_
from the Cost Matrix.

vat

Current : PathType;

i, j : integer;

begin
Current := LinkedPath;

Cost := 0;

while (Current^.Next <> nil)

do begin
i := Current^.Data;

j := Curren_^.Next^.Data;
Cost := Cost _ All,j];
Current := Current^.Next;

end;

end;

procedure Ca!cu!ateCostAndPath(var A : CostMatrix;
vat P : PathMatrix;

n : integer);
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_651

1652

1653

1654

-- !655

1656

1657

1658

This procedure wi!! calculate the Cost Matrix and the Path

Matrix by the Floyd A!gorit.hm.

A : Cost Matrix

P : Path Matrix

1659
1660

1661

1662

1663

1664

-- 1665

1666

1667

1668

1669

1670

1671

-- 1672

!673
1674

-- 1675

.676

1677

1678

1679

1680

1681

-- 1682

!683

1684

_ !685

1686

1687

!688

-- 1689

1690

1691

-- i692

1693

1694

1695

1696

1697

!698

-- 1699

1700

vat

order : integer;

i, j : integer;
value : real;

begin

order := I;

repeat
for i := 1 to n do

for j := 1 to n do

if ((i <> order) and (j <> order))
then begin

value := A[i,order] + A[o_c._ ]] -
if (All,j] > value)

then begin

A[i, j] := va!u_;

P[i, j] := order;
end;

end;
order := order + l;

unnil not (order <= n)
end;

begin (__ Procedure SearchVGraph

rewrite (PATH) ;

Initia!izePath(P,LinkedPath,n) ;

Ca!cu!ateCostAndPath (A, P, n) ;

FindPath (P, LinkedPath) ;

FindCost (A, LinkedPath, Cost) ;

PrintCostAndPath (A, LinkedPath, Cost) ;

end; Of procedure SearchVGraph

g9
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_701
1702
1703
1704
1705
1706
1707
1708
1709
1710
1711
1712
1713
1714

begin ( Main }

BuildGSpaceObstac!es(List);
BuildVGraph(A, List);
SearchVGraph(A, LinkedPath);

end. ( of Main }

LO0



Appendix B: I/0 FILLS for the VGraph Algorithrn

[OBSTA.CLES]

w

3.0000 18.0000

9.0000 18.0000

9.0000 I0.0000

3.0000 I0.0000

10.5000 13.0000

19.0000 13.0000

19.0000 9.0000

10.5000 9.0000

8.0000 7.5000

16.0000 7.5000

16.0000 3.0000

8.0000 3.0000



[GSPACE]

1.0000
2.0000
8.5000
9.5000
6.0000
7.0000

9
9

19
19
16
16

9
9

19
19
16

16

1

2

8

9

6
7

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.5000

.5000

.0000

.0000

18.0000

18.0000

13.0000

13.0000

7.5000

7.5000

18.0000

18.0000

13.0000

13.0000

7.5000

7.5000

9.0000

8.0000

8.0000

7.0000
2.0000

1.0000

9.0000

8.0000

8.0000

7.0000

2.0000
1.0000

tO2



['VEI%TICES]

A[ l, 2] -
A[ I, 7] =

A[ i, 81 :

A[ 1,16] -

A[ !,21] --

A[ 1,22] =

A[ 1,25] =
A[ 1,26] =

A[ 2, I] =

A[ 2, 7] =

A[ 2, 8] =

A [ 2,16] --

A[ 2,21] =

A[ 2,22] =

A[ 2,25] =

A[ 2,26] =

A[ 3, 4] =

A[ 3, 9] --

A[ 3,10] =
A[ 3,21] =

A[ 3,22] =

A[ 4, 3] --

A[ 4, 9] =

A[ 4,10] =

A[ 4,21] =

A[ 4,22] =

0.0000

I .1180

2.0616

4.1231

4.4721

3.1623

5.0990

6.3246

0.0000
I .1180

2.0616

4.1231

4.4721

3.1623

5.0990

6.3246

1.0000

8.0000

8.0000

9.0000

10.0499

1.0000

7.0000

7.0000

9.0554

I0.0000

A[ 6, 9] =

A[ 6,10] =
A [ 6,111 =
A[ 6,12] =

A[ 6,16] =

A[ 6,17] =

A[ 6,27] =

A[ 6,28] =

A[ 7, I] =

A_ 7, 2] =

A[ 7, 8] =

A[ 7,13] =

A[ 7,16] =

A[ 7,17] =

A[ 7,2!] =

A[ 7,22] =

A[ 7,23] =

5.0249

5.0249

9.5000

9.5000

5.0249

10.7355

4.031!

4.031!

1.1!80

!.1!80

1.0000

I0.0000

3.04!4

13.0096

5.2202

4.03!1

2.5495

£03



A[ 7,25] :
A[ 7,26] :

A[ 8, 2] :
A[ 8, 7] :
A[ 8,13] --
A[ 8,16] =

A[ 8,171 :

A[ 8,19] =

A[ 8,2!] =

A[ 8,22] :

A[ S,231 :
A[ 8,25] =

A[ 8,26] --

A[ 9, 3] =
AC 9, 4] =
A [ 9, 6] =
A[ 9,10] =

A [ 9, II] =

A[ 9,121 =

A[ 9,16] :

A[ 9,27] =
A [ 9,2S] =

A [I0, 3] :
A [!0, 4] --
A[10, 6] -
A [I0, 9] =
A[10,11] :

A[10,12] =

A[!0,16] =

A[I0,27] =

A[I0,28] :

A[!!, 6] -
A[ll, 9] -
All1,10] =

A[II,12] =

A [I!, 17] =

A[I!,!8] =

A[I1,27] :

A[!!,28] =

A[12, 61 -
A[12, 9] :

A[12,10] =

A[12,1!] --
A[12,17] =

A[12,!8] --

A [12,27] =

A[12,28]

[04

5.5000

6.$765

2.0616

1.0000

9.0000

2.0616

12.0104

I0.$475
6.1847

5.0249

1 .$811
5.5902
6.5000

8.0000

7.0000

5.0249

0.0000

11.1803
11.1803

I0.0000

5.0000

5.0000

8.0000

7.O000

5.0249

0.0000

11.1803
11.1803

I0.0000

5.0000

5.0000

9.5000

11.1803

11.1803
0.0000

5.0000

6.0000

6.3246

6.3246

9.5000

11.1803

11.1803

0.0000
5.0000

6.0000

6.3246

6.3246



A [13, 7]
A[13,17]
A[13,19]
A[13,23]

= 10.000G
= 3.04!4
= 5.5000

= 7.5166

A [16, 2]

A [16, 6]

A [16, 7]

A[16, 8]
A[16,10]

A[16,!I]

A[16,13]

A[16,!7]

A[16,22]

A[!6,23]

A [17, 6]

A [17, 7]

A[17,1!]

A[17,12]

A[17,13]

A[17,18]

A[17,!9]

A[17,23]

A[18,11]

A[IS,12]

A[18,13]

A[18,17]

A[18,19]

A[18,20]

A[19,13]

A[19,17]

A[!9,18]

A[19,20]

A[19,25]

A[20,13]

A[20,!7]

A[20,!8]

A[20,19]

A[20,25]

A[20,26]

A[2!, 1]

A [21, 3]

A[21, 4]

A [21, 7]

A[21,22]

A[21,23]

A[21,25]

A[21,26]

= 4.123!

= 5.0249

= 3.0414

= 2.0616

= I0.0000

= 1!.1803

= 7.0178

= I0.0000

= 7.0000

: 0.5000

: 10.7355

: 13.0096

: 5.0000

: 5.0000

: 3.0414

: 1.0000

: 6.7082

= 10.5000

: 6.0000

= 6.0000

= 3.0414

= 1.0000

= 5.8310

= 6.7082

: 5.5000

= 6.7082

= 5.8310
= 1.0000

= I0.0000

= 6.5000

: 7.6158

: 6.7082

: 1.0000

: I0.0499

: 9.0000

= 4.4721

: 9.0000
= 9.0554

= 5.2202

= 1.4142

: 7.5664

: 8.6023

= I0.0000

I05



A[22, i] --

A [22, 2]

A [22, 4]

A [22, 7] =

A[22, 8] =

A[22,13] =

A[22,16] =

A[22,17] =

A[22,21] =
A[22,23] =

A [22,25] =

A[22,26] =

A [23, 2] =
A [23, 7] =
A[23, 8] =

A[23,10] --

A [23,13] =

A[23,16] =

A[23,17] =
A [23,2!] =

A [23,22] =

3.1623

3.1623

I0.0000

4.0311

5.0249

14.0089
7.0000

17.0000
1.4142

6.5000
7.2!11

8.6023

3.6401

2.5495

1.5811

10.0125

7.5166

0.5000

10.5000

7.5664

6.5000

A[25, I] --

A [25, 2] =

A[25, 7] --
A[25, 8] =
A [25,19] =

A [25,21] =

A [25,22] =

A[25,26] =

A [26, 2] --

A[26, 8] :

A[26,19] -

A[26,20] =

A[26,22] =
A [26,25] -

A [27, 6] --

A [27, 9] =

A[27,10] --
A[27,!i] --

A[27,12] =

A[27,28] --

A [28, 6] --

A [25, 9] --

A[28,10] =

A[28, llJ =
A[28,!2] =

A [28,27] =

5.0990

5.0990

5.5000

5.5902

I0.0000
8.6023

7.211!

1.4!42

6.3246

6.5000
9.0554

9.0000

8.6023

1.4142

4.031!

5.0000

5.0000
6.3246

6.3246

0.0O00

4.031!

5.0000

5.0000

6.3246

6.3246

0.0000

[06



[PAT I

The shortest path is calculated by the Graph Search Algorit_.

Starz Node = ! Goal Node = 27

Path represenued by internal nodes = I 16 6 27

From To

START in 0" sliced

A3 in 90" sliced

B1 in 90" s!iced

A3 in 90" sliced

B1 in 90" sliced

GOAL in 0" sliced

Cost

4.123

5.025

4.031

Rotation

<90'>

<0">

<-90">

The Total Cost = 13.!79

107



Appendix C: Simulation of the RotationaJ GSpace

I progr_ BuildGrownSpaceObstac!esWithKotation(OBSTACLES, ROTATION); --
2(
3
4

5
6
7

8

9
I0

Author : C. H. Chung

Version : 3.5

Date : NovemADer 17, 1988

I!

12

13

14

15
16

17

18

19
2O

BuildGSpaceWithKotation;

To build the Grown Space Obstacles with _ota%ion
INPUT FILE :OBSTACLES

. OUTPUT FILE : ROTATION

This program will build the Grown Space Obstacles.

21 type
22 Point2D = record

23 x, y : real;
24 end;

25 Vertice2D = ^Node2D;

26 Node2D = record

27 Node : Point2D;

28 Next : Vertice2D

29 end;

30 vat

31 OBSTACLES, ROTATION : text;

32

33

34

35
36

37 procedure BuildGSpaceWithKctation;
38 (
39

4O

41

42

43

44

45

46

Author : C. H. Chung

Version : 2.3

Date : December 3, 1988

47

48

49

50

BuildGSpaceWi:hKotation;

To build the Grown Space Obstacles with rotation

[08



51
52
53
54
55
56
57
58
59
6O
6i
62

INPUT FILE : OBSTACLES
OUTPUT FILE : KCTATION

This program wi!! build the Grown Space Obstacles.

hh : the horizontal length of the object

vv : the vertical length of the object

rr : the sliced angle for rotational Grown Scace Obstacles.

63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
8O
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

I00

c3nst

Pi= 3.141592; {Radian}

va_

Object : Vertice2D;

ObjectA, ObjectB, ObjectC : Vertice2D;
hh, vv, rr : real;

procedure Print2Dvertico(Last : Ve___ce2D) ;
(

This procedure will print the Linked List of t_e
shortest path.

begin
if List = nil

then write!n(ROTAT!ON)

else begin

write!n(KOTAT_CN, List^.Node.x :10:4,

List^.Node.y :10:4);
Print2Dvertice(List^.Next)

end

end;

procedure CreateObject(var Object : Vertice2D);
{

This procedure creates the object from =he input file
by the linked list.

vat

Current : Vertice2D;



i01

102

103

104

I05

106

107

I08

109

I!0

II!

1i2

113

114

I15

116

117

118

119

120

121

122

123

124

125

126

127

12S

129

begin

Object := nil;

if not eof(OBSTACLES)

then begin

new (Object) ;

readln(OBSTACLES, Objec-- ^.Node.x,

Object ^ .Node.y) ;

Object ^ .Next := nil;

Current :-- Object;

while not eof(OBSTACLES)

do begin

new (Current ^ .Nex'-) ;

Current := Current ^ .Next;

read!n(OBSTACLES, Current ^ .Node._

Current ^ .Node. y) ;

Current ^.Next := nil

end

end

end;

procedure GrownObjec%(var Object, Grown : Ver%ice2D;
hh, vv, rr : real);

(
130

13!

132

133

134

136

137

138

!39

140

141

142

143

i44

145

146

i47

148

149

i.=0

This procedure builds the Grown Space Obstacles.

where h : horizontal length

v : vertical length

0 < q < Pi/2

al = (A!x,Aly) ÷ h(-cos(q) ,-sin(q))

a2 = (Alx,Aly)

a3 = (A2x,A2y)

a4 = (A2x,A2y) ÷ v(sin(q) ,-cos(q))

a5 = (A3x,;_3y) ÷ v(sin(q),-cos(q))

a6 = (aSx,a5y) ÷ h(-cos(q) ,-sin(q))

a8 = (A4x,A4y) ÷ h(-cos(q) ,-sin(q))

a7 = (aSx,aSy) ÷ v(sin(q) ,-cos(q))

Pi/2 < q < Pi

q = q - Pi/2

%e_p = h
h = v

(to swap h and v)

flu



-- 151

152

153

154

156

157

i_=8
159

v = temp

q = 0

De!ere a2, a4, a6, aS.

q = _i/2

Swap h and v.
Delete a2, a4, a6, aS.

}

-7

l

160

16!

162

163

164

165

166

167

168

169

170

171

172

173

174

175
176

177

178

179

180

181

182

183

184

!85

186

187

188

189

190

!91
!82

193

194

!95

196

197

19S

199

2OO

va__

Current, Head : Vertice2D;

begin
Current := nil;

new (Current) ;

Curren_^.Node.x := Object^.Nede.x - hh * cos(rr);

Currenc^.Node.y := Object^.Node.y - hh * sin(rr);
Current ^ .Next := nil;

Head := Object;
Grown := Current;

new (Current ^ .Next) ;

Current := Current _.Next;

Curren: ^.Node.x :: Objec, ^.Node.x;

Current^.Node.y := Objecz^.Node.y;
Current ^ .Next := nil;

Object := Objec_^.Next;
new(Current^.Next);

Current := Current^.Next;

Current^.Node.x := Objec:^.Node.x;

Curren_^.Node.y := Object^.Node.y;
Curren_^.Nex: := hi!;

new(Current^.Next);

Current := Current^.Next;

Current^.Node.x := Object^.Node.x + vv * sin(rr);

Current^.Ncde.y := Object^.Node.y - vv * cos(rr);
Current^.Next := hi!;

Object --- Object ^ .Next;
new (Current ^ .Next) ;

Current := Current ^.Next;

Current^.Node.x := Object^.Node.x ÷ vv _ sin(rr);

Current^.Node.y := Object^.Node.y - vv " cos(rr);
Current ^ .Next :-- nil;

new (Current ^ .Next) ;

Current := Current ^.Nex'.;

Current^.Ncde.x := Object^.Node.x + vv - sin(rr) - nh _ cos(rr) ;

1[[



20!
202
2O3
204
2O5
206
207
208
209
210
2!i
212
213
214
2!5
216
217
218
2!9
22O
22!
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
24!
242
243
244
245
246
24"7

Current^.Node.y := Ob]ect^.Nede.y - vv _ cos(rr) - hh - sin(r:_;
Current^ .Next :-- nil;

Object := Object^.Next;
new (C_rrent ^ .Next) ;

Current :-- Curren_ ^.Next;

Current^.Node.x := Object^.Node.x * vv * sin(rr) - hh _ c_s(r: ;

Currenc^.Node.y := Object^.Node.y - vv - cos(rr) - hh " sin(rL.;
Current ^ .Next := nil;

new (Current ^ .Next) ;
Current :-- Current ^ .Next;

Current^.Node.x := Object_.Node.x - hh " c:s(rr) _

Current^.Node.y := Object^.Node.y- hh * sin(rr);
Current ^ .Next := hi!;

end;

Object :: Head;

if (rr = 0) or (absCrr- Fi/2) < 0.001)

then begin
Current := nil;

new (Current) ;

Current ^ .Node := Grown ^ .Node;
Current ^ .Next := nil;

Head := nil;

Head := Current;
while Grown^.Next^.Next <> ni!

do begin
new(Current_.Nex=);

Current := Current^.Next;

Grown := Grown^.Next^.Next;

Current^.Node := Grown^.Node;

Current^.Next := nil;
end;

Grown := Head;

end;

procedure RotationObjects(ObjectA, ObjectB, ObjectC : Vertice2D;
rr, hh, vv : real);

(
248

249
This procedure wil! print the GSpace Obstacle with Rotation.

}--

250 var

LL2



251

252

253

254

255

256

257

258

259

260

26!

262

263

264

265

266

267

268

269

270

27!

272

273

274

275
276

277

278

279

280

28!

2S2

283

284

2S5

286

2S7

288

289

290

291

292

293
294

295

296

297

298

299

30O

GrownA, GrownB,

i : integer;

Angle : real;

begin
i :- 0;

Angle :: rr " i;

GrownC : Ver=ice2D;

while

end;

(Angle >= 0) and

begin
write!n (ROTATION,

if Angle = 0
then

if

if

(Angle < Pi) de

Angle'IS0/Pi :5:I, ''

i :=

Angle
end;

Rotation');

begin

GrownObject(Objec_A, GrownA, bh, vv, Angle);

GrownObject(Objec=B, GrownB, hh, vv, Angle);

GrownObject(ObjectC, GrownC, hh, vv, Angle);
Print2Dvertice(GrownA);

Print2Dvertice(GrownB);

Print2Dvertice (GrownC) ;

end;

(Angle > Q) and (Angle < Pi/2)

then begin

GrownObjec=(ObjectA, GrownA, hh, "

GrownObjec_(ObjectB, GrownB, hn, vv, >_g&_ :"

GrownObject(0bjec=C, GrownC, hh, vv, Angle) ;
Print2Dvertice (GrownA) ;

Print2Dvertice(GrownB);

Prin_2Dver_ice(GrownC);

end;

abs(Ang!e - Pi/2) < 0.001 ( because of Round Off }

then begin
GrownObject(ObjectA,GrownA,vv,hh,Ang!e-Pi/2);

GrownObject(0bjec=B,GrownB,vv,hh,Angle-Pi/2);

GrownOb_ec=(Ob3ec=C,GrownC,vv,hh,Angle-Pi/2);
Print2Dver=ice(GrmwnA);

Prin=2Dver=ice(GrownB);
Prin=2Dveruice(GrownC);

jectA,GrownA,vv,hh,Ang!e-Pi/2);

jec=B,GrownB,vv,hh,Ang!e-Pi/2);

jeczC,GrownC,vv,hh,Angie-Pi/2);
(GrownA) ;

(GrownB );

(GrownC) ;

end

else if (Angle > Pi/2)

then begin

GrownObject(Ob

GrownObjec=(Ob

GrownObjec=(Ob
Print2Dver=ice

Prin=2Dvertice
Print2Dvertice

end;

i * l;

:= rr " i;



301
302
303
304
3O5
306
307
308

procedure Partition(vat Object, ObjectA, Objec%B,
ObjectC : Vertice2D);

{
309

310

311

This procedure wi!! partition the whole Object into

3 objects.

3!2

3i3

314

315

316

317

318

319

32O

321

322
323

324

325

326

327
32S

329

330

331

332

333
334

335

336

337

338

339

340

341

342

343

344

345

346
347

348

349

35O

va:

i : integer;
Current, CurrentA, Current3, CurrentC : Vertice2D_

begin
Current := Object;

ObjectA := nil;

new (ObjectA) ;

ObjectA^.Node := Current^.Node;

ObjectA ^.Next := nil;
Cu_rentA := ObjectA;
for i := I to 3 do

begin
new (Current_AT. Next) ;

Current := Current ^ .Next;

CurrentA := CurrentA^.Next;

CurrentA ^.Node := Current ^ .Node;

Curren%A ^.Next := nil;

end;

Current := Current ^ .Next;

ObjectB := nil;

new (Oh jet--3) ;

ObjectB ^.Node := Current ^ .Node;

ObjectB ^.Next := nil;
CurrentB := ObjectB;
for i := I to 3 do

begin
new (CurrentB ^ .Next) ;
Current := Current ^ .Next;

CurrentB := CurrentB ^-Next;

CurrentB ^.Node := Current ^ .Node;

CurrentB ^.Next := nil;

end;

Current := Current^.Next;

ObjectC := nil;

[[4



_ 351
352
353
354

- 355
356
357
358
359
360
361
362
363
364

-- 365
366

367

368

369

37O

371

372

373

374

-- 375

i 376
377

378

379

38O

381

-- 382

383
384

-- 385

386 begin
387

end;

begin

end;

new (O_]ectC) ;

ObjectC ^.Node :: Current ^ .Node;

ObjectC ^.Next := nil;

CurrentC := ObjectC;
for i := ! to 3 do

begin
new (CurrentC ^ .Next) ;

Current := Current ^.Next;

CurrentC := CurrentC ^.Next;
CurrentC ^.Node := Current ^ .Node;

CurrentC ^.Next := nil;

end;

{ of procedure Partition }

( Bui !dGSpaceWithRotation
reset (OBSTACLES) ;

rewrite (ROTATION) ;

rr :: Pi / 6;

hh := 2;

vv :: i;

CreateOb ject (Object) ;

Partition(Object, ObjectA, ObjectB, ObjectC);

Rota_.ionObjects(Objec_A, ObjectB, ObjectC, rr, hh, vv);

{ of Procedure Bui!dGSpaceWithKotation }

( Main }

388 Bui!dGSpaceWithKotation;
389

390 end. {__ Of Main __}



Appendix D: I/0 FILES for tile Rotational GSpace

[OBSTACLES]

3.0000 18.0000

9.0000 18.0000

9.0000 I0.0000

3.0000 10.0000

10.5000 13.0000

19.0000 13.0000
19.0000 9.0000

10.5000 9.0000

8.0000 7.5000

16.0000 7.5_00

16.0000 3.0000

8.0000 3.0000

[ROTATION]

0.0" Rotation

1.0000 18.0000

9.0000 18.0000

9.0000 9.0000

!.0000 9.0000

8.5000 13

19.0000 13

19.0000 8

8.5000 8

6.0000 7

16.0000 7

16.0000 2

6.0000 2

30.0

1

3
9

9

• Rotation

.2679 17

.0000 18

.0000 18

.5000 17

9.5000 9

7.7679 8

1.7679 8

1.2679 9

.0000

.0000

.0000

.0000

.5000

.5000

.0000

.0000

.0000

.0000

.0000

.1340

.1340

.1340

.1340

.0000

£16



8.7679 12.0000
10.5000 13.0000
19.0000 13.0000
19.5000 12.1340
19.5000 8.!340
17.7679 7.1340

9.2679 7.1340
8.7679 8.0000

6.2679 6.5000
8.0000 7.5000

16.0000 7.5000
16.5000 6.6340
16.5000 2.1340
14.7679 1.1340

6.7679 1.1340
6.2679 2.0000

60.0" Rotation
2.0000 16.2679
3.0000 18.0000
9.0000 18.0000
9.8660 17.5000
9.8660 9.5000
8.8660 7.7679
2.8660 7.7679
2.0000 8.2679

9.5000 11.2679
10.5000 13.0000
19.0000 13.0000
19.8660 12.5000
19.8660 8.5000
18.8660 6.7679
10.3660 6.7679

9.5000 7.2679

7.0000 5.7679
8.0000 7.5000

16.0000 7.5000
16.8660 7.0000
16.8660 2.5000
15.8660 0.7679

7.8660 0.7679
7.0000 i.2679

[[?



90 .0" Ro_ation
2.0000 18.0000

3.0000 18.0000

9.0000 18.0000

9.0000 16.0000

9.0000 8.0000
8.0000 8.0000
2.0000 8.0000

2.0000 10.0000

9.5000 13.0000

10.5000 13.0000

19.0000 13.0000

19.0000 II.0000

19.0000 7.0000
18.0000 7.0000

9.5000 7.0000

9.5000 9.0000

7.0000 7.5000
8.0000 7.5000

16.0000 7.5000

16.0000 5.5000

16.0000 1.0000

15.0000 1.0000

7.0000 1.0000

7.0000 3.0000

120.0" Rotation

2.1340 17.5000

3.0000 18.0000

9.0000 18.0000

I0.0000 16.2679

i0.0000 8.2679

9.1340 7.7679

3.1340 7.7679

2.1340 9.5000

9.6340 12.5000

10.5000 13.0000

!9.0000 13.0000
20.0000 11.2679

20.0000 7.2679

!9.!340 6.7679

10.6340 6.7679

9.6340 8.5000



7
8

16
17
!7
16

8
7

150.0
2
3
9

I0
I0
I0

4
2

.1340 7

.0000 7

.0000 7

.0000 5

.0000 1

.!340 0

.1340 0

.1340 2

.0000

.5000

.5000

.7679

.2679

.7679

.7679

.5000

• Rotation

.5000 17

.0000 18

.0000 18

.7321 17

.7321 9

.2321 8

.2321 8

.5000 9

.1340

.0000

.0000

.0000

.0000

.1340

.1340

.1340

I0

I0

19
2O

2O
2O

ii

lO

.0000 !2

.5000 13

.O000 13

.732! 12

.7321 8

.2321 7

.7321 7

.0000 8

.1340

.0000

.0000

.0000

.0000

.1340

.1340

.1340

7

S

16

17

17

17

9
7

.5000

.0000

.0000

.732!

.7321

.2321

.232!

.5000

6.6340

7.5000

7.5000
6.5000

2.0000

1.1340

1.1340

2.1340



1
2

AppendL_ E: Simulation of the Branch and Bound Algorithm

program BranchAndBoundAlgorithm (BBinput, BBoutput) ;
(

3
4

5
6
7

8
9

i0

Author : C. H. Chung

Version : 2.0

ate : November I, 1988

ii

12

13

14

15

16

NodeSet = IS] U [NI,N2,N3 ...] U [G] searched by the VGraph.
This NodeSet is implemented by linked list, which node has

the record structure to represent the vertices.

Input file comes from BBinput.

Output file is BBoutput.

17

18 type
19
2O

2!

22

23

24

25
26

27

28
29

30 var

31

32
33

34
35

36

37

38
39

40

41

42

PointType = record

x, y, z : real
end;

NodeType = ^Nodes;
Nodes = record

Node : PointType;

Next : NodeType
end;

BBinput, BBoutput : text;
NodeSe_, MinSet : NodeType;

procedure Prin_Nodes(NodeSet : NodeTlrpe);
{

43

44

45

NodeSet = IS] U [N!,N2,N3 ...] U [G] searched by =he VGraph. --

This Procedure wi!! print the NodeSet.
}

46

47

48

49

5O

begin
if NodeSet = nil

then

else begin

write!n(BBoutput, NcdeSet^.Node.x :10:4,



51
52
53
54
55
56
57
58
59
6O
61
62
63
64

end;

NodeSe_^.Node.y :!0:4,
NodeSet^.Node.z :10:4);

write!n(BBoutput);
Prin_Nodes(NodeSet^.Next)

end

func=ion EuclideanDistance(NodeSet : NodeType) : real;
{

6S

66

67

68

NodeSet = IS] U [NI,N2,N3 ...] U [G] searched by the VGraph.
This Function wi!i calculate the Kuciidean Distance

between the points in 3D.

}
69

70

71

72

73

74

75
76

I /

78

79

80

81

82

83

84

85

86

87

88

89

90

9i
92

93

94

95
96

97

98

vat

Current : NodeType;
dl, d2, 63 : real;

x!, y!, zl,

x2, y2, z2 : real;

begin
Current := NodeSet;

xl := Current^ .Node .x;

yl :-- Current ^ .Node.y;
zl := Current A.Node.z;

Current := Curren= ^.Next;
x2 := Current ^ .Node.x;

y2 := Current^.Node.y;
z2 := Current ^.Node.z;

d! := (x2 - x') " (x2 - xl);

d2 := (y2 - yl) " (y2 - yl);
d3 := (z2 - z!) " (z2 - zl);

EuclideanDistance := sqrt(dl ÷ d2 ÷ d3)
end;

function Leng_hOfNodeSet(NodeSet : NodeType) : integer;
(

99

!00
NodeSet = [Si U [N!,N2,N3 ...] U [G] searched by the VG=u_.,.
This F_nc=ion will find the length of NodeSet.

[2i



I(]!
I02
I03
104

106

107

108

109
I!0

II!

112

113

114

115

begin
if (NodeSet^.Next = nil)

then LengthOfNodeSet := 1

e!se LengthOfNodeSet := ! + LengthOfNodeSet(NodeF,_ _<_
end;

function Distance(NodeSet : NodeType) : real;
(

1!6

117

118

119

120

NodeSet = [S] U [NI,N2,N3 ...] U [G] searched by the VGraph.
# of NodeSet for Distance >= 2

Function EuclideanDistance will find the Euclidean Distance

between the fist node and the second in NodeSet.

}
121

122

123

i24

125
126

127

128

129

130

131

132

133

134
135

!36

vat

Current : NodeType;
begin

Current := NodeSet;

if (LengthOfNodeSet(Current) <= 2)
then Distance := EuclideanDistance(Current)

else Distance :-- EuclideanDistance(Current)

+ Distance (Current ^ .Next)

end;

procedure Copy(vat NodeSe_ : NodeType; var MinSet : NodeType);
(

137

138

139

140

NodeSet : [S] U [N!,N2,N3 ...] U [G] searched by the VGraph.

This Procedure will duplicate the NodeSet in the other memory --

storage.
%
J

14!

142

143
144

!45

146

147

148

149

150

var

NodeHo!der, Current : NodeType;

begin
MinSet := nil;

NodeHolder := NodeSet;

new(MinSet);

MinSet_.Node := NodeSet^.Ncde;

MinSet^.Next := nil;

122



15!
152
!53
154

156
157
15a
159
160
161
162
163
164
165
166
167
168
169
170

Current :; MinSet;

while (NodeSet^.Next <> nil)
do begin

new (Current ^ .Next) ;
Current := Current ^ .Next;
NodeSet -= NodeSet ^.Next;
Current ^ .Node := NodeSet ^.Node;
Current ^ .Next := nil;

end;
NodeSec :: NodeHelder;

end;

procedure BranchAndBound(var NodeSet : NodeType;
var M±nSet : NodeType);

{
171

172

173

174

NodeSet = [S] U [N!,N2,N3 ...] U [G] searched by the VGraph.

This Procedure wil! find the the compensated nodes by
Branch and Bound _hod.

}
!75

176

!77

178

!79
180

181

182

183

!84

185

186

187

188
189

19G

19!

192

i93
194

!gE

!96

197
198

199

200

vat

NI, N2, N2holder,

!ncreament, MinDistance : real;

Head: NodeTvpe;

begin
increamen_ := 0.0!;

Head := NodeSet;

Ccpy(NodeSet,MinSet);

NodeSet := NodeSe_^.Next;

N1 := NodeSe_^.Node.z;

NodeSet := NodeSet^.Next;

N2 := NodeSet^.Node.z;

N2holder := N2;

NodeSet := Head;

MinDistance := Dis-ance(NodeSet) ;

while (Ni > 0.0)

dc begin
while (N2 > 0.0)

do begin
N2 := N2 - Increamen%;

Head := NcdeSet;



201
2O2
203
204
2O5
206
207
2O8
209
210
211
2!2
213
214
215
216
217
218
219
220
22!
222
223
224
225
226
227
228
229

end;

NodeSet := NodeSe=^.Next;
NodeSet := NodeSet^.Next;
NodeSet^.Node.z := N2;
NodeSet := Head;

if (MinDistance > Distance(NodeSet))
then begin

MinDistance := Distance()4c,_:
Copy(NodeSet,MinSet);

end;
end;

N2 :: N2hoider;

N! :: NI - !ncreament;
Head := NodeSet;
NodeSet := NodeSet^.Next;
NodeSet^.Node.z := NI;
NodeSet := Head;

end;

procedure CreateNodes(var NodeSet : NodeType);
(

230

231

232

NodeSet = IS] U [NI,N2,N3 ...] U [G] searched by the VGraph.
This Procedure will create the NodeSet.

%

233

234

225
236

237

238

239

240

24!

242

243

244

245
246
247

248

249

25O

vat

Current : NodeTy_e;

begin
NodeSet := nil;

if not eof(BBinput)

then begin
new (NodeSet) ;

read!n(BBinput, NodeSet ^.Node.x,

NodeSet ^ .Node.y,
NodeSet ^.Node.z) ;

NodeSet ^.Next := nil;

Current := NodeSet;

while not eof(BBinput)
do begin

new (Current ^ .Next) ;
Current :-- Current ^ .Next;

readln(BBinput, Current ^,Ncdi.x,

Current A .Node.y,

124



25!

252

253

254

255

256

257

258

2._9

26O

261

262

263

264

26E

266

267

268

269

270

271

272

273

274

275

276

277

278

279

2SO

2S!

2_2

283

2_4

2_6

287

2S8

end;

end

C_re.q_ _

end

.Next

Current ^ .Node. z,'.'

•= nil

begin { MAIN

reset (BB_.npu_) ;

rewr _u= (3Boutput)

CreateNodes (NodeSet) ;

write!n (BBouuput) ;

wri=e!n (BBoutput) ;

write!n (BBou_ut) ;

write!n(BBoutput, 'The

write!n (BBoutput) ;

wriCeln (BBou=put, '

originai

Prin=Nodes(NodeSet);

BranchAndBound(NodeSet,MinSet);

write!n (BSout.Dut) ;

write!n (BBoutput) ;

write!n (BBoutput) ;

wri_e!n (BBoutpuu,

writein (BBout.Dut,

'The vertices
f

vertices by VGraph Algorithm');

orginal distance -- '

Distance (NedeSet) :7 :4) ;

compensated by BranchAndBound'):
!

Distance_MinSet) :10:4);

PrintNcdes (MinSet) ;

wri=e!n(BBoutput) ;
write!n (BBoutpuul ;

write!n (BBout.Du:, '

writeln(EBou=put, '

= ', clock):
= 'r SVSC _'-

end. (__ MAiN



Appendix F: I/O FILES [or tile Branch and Bound ._Igori_hm

[BBinput]

3 2 4

7 4 I0

8 8 9

4 i! 2

[BBoutput]

The original vertices by VGraph A!gorit.hm

3.0000 2.0000

7.0000 4.0000

8.0000 8.0000

4.0000 !!.0000

orgina! dis%a_c_ _ 20.32_
4.0000

10.0000

9.0000

2.0000

The vertices co_.Densated by Bra_:chAno,.L<,_,_,_
13.7,!I _

3.0000 2.0000 4.0000

7.0000 4.0000 3.3400

8.0000 8.0000 2.7300

4.0000 I!.0000 2.0000

c!ock = 2301666

system = 10116

_.26



Appendix G: Simulation of the RCA

! program RCA!gorit.hm(RCAinput,RCAoutput);
2 {
3

4

5

6

7

8

9

I0

!!

12

!3

14

15

16

17

18

Author : C. H. Chur_g

Version : 2.0

Date : October 25, !988

NodeSe_ = IS] U [NI,N2,N3 ...] U [G] searched by _ '

This NodeSet is implemented by linked !is%, which ,_= _a_

the record structure to represent the vertices.

Input file comes from KCAinput.

Output file is RCAoutput.

Determine Error to decide the accuracy.

Refer to Appendix C in KAL-TR-88-117.

19

20

2!

22

23

24

25

26

27

2S

29

3O

31

32

33

34

35

36

37

38

39

4O

41
42

43

44

45

46

47

type

PointTvpe = record
x, y, z : tea!

end;

NodeT!rpe = ^Nodes;
Nodes = record

Node : PointType;

Next : NodeType
end;

var

KCAinput, RCAGu=put : text;

NodeSet : NodeTyp. e;
Error : real;

procedure Prin=Nodes(NodeSet : NcdeTyp. e);
(

NodeSet : IS] U [NI,N2,N3 ...1 U [G] searched by the ,_zuz...
This Procedure wii! print the NodeSet.

48

49

5O

begin
if NodeSet : nil

then

[_J

OF PO0_ " ....



51

52

53

54

55

56

57

58

59

6O
61

62

63

64

65

66

end;

else begin

write!n(KCAoutput, NodeSet^.Node.x :10:4,

NodeSetA.Node.y :10:4,
NodeSet^.Node.z :10:4);

write!n(KCAoutput);
Prin=Nedes(NodeSe=^.Next)

end

function Euc!ideanDistance(NcdeSet : NcdeType) : real;

{
67

68

69
70

NodeSet = IS] U [NI,N2,N3 ...] U [G] searched by the VGraph. --
This" Function will calculate the Euclidean Distance

between the points in 3D.
} --

7!

72

73

74

75

76
77

78

79

8O

8!

82

83

84
85

86

87

88

89

9O

91

92

93

94
95

96

97

vat

Current : NodeType;
dl, d2, d3 : real;

x!, y!, zl,

x2, y2, z2 : real;

begin
Current := NodeSe%;

x! := Current^.Node.x;

yl := Current^ .Node .y;
z! := Current ^ .Node.z;

C_r:e_t := C_r:ent ^.Next;
x2 := Curren_^.Node.x;

y2 := Current^.Node.y;
z2 := Current^.Node.z;

di := (x2 - xl) * (x2 - x!);

d2 := (y2 - y!) = (y2 - y!);
d3 := (z2 - z!) = (z2 - z!);

Euc!ideanDistance := sqrt(d! ÷ d2 * d3)

end;

procedure Keset(var NodeSet : NodeType);

{
98

99

!00

NodeSe_ = IS] U [Ni,N2,N3 ...] U [G] searched by %he VGra=h.

Kefer to Appendix C in KAL-TK-88-!!7.
}

_2S



I0!
I02
103
!04
I05
106
107
108
I09

II0

i!I

1!2

!!3

114

115

116

117

!IS

1!9

120

121

122

!23

124

!25
126

127

!2S

129

130

!31

!32

133

134

135

!36

137

138

!39

!40

!4!

142

143

144
145

!46

!47

!4a

!49

vat

Current : NodeType;

x0, y0, z0,

x!, yl; z!,

x2, y2, z2,

cl, c2, c3, c4,

p, q, r,
d!, d2, edl, ed2 : tea!;

begin
Curren_ := NodeSet;

x0 := Currenz^.Node.x;

y0 := Curren_^.Node.y;
z0 := Current^.Node.z;

Current := Current^.Next;

xl :: Current^.Ncde.x;

yl := Current^.Ncde.y;
z! :: Current^.Node.z;

Current := Current^.Next;

x2 := Currenu^.Node.x;

y2 := Current^.Ncde.y;
z2 := Currenu^.Node.z;

c! := (x!-x0)'(x!-x0) + (y!-y0)"(yl-y0);
c2 := z2-z!;

c3 := (x2-x!)"(x2-xi) + (y2-yl)'(y2-yl);
c4 := z!-z0;

p := ci-c3;
q := 2 "(c!ic2 ÷ c3"c4);
r := c!*c2"z2 - c3"c4"c4;

if (p = 0)
then dl := -r / q

e!se begin

dl := (-q _ sqr_(q'q - 4"p'r)) /(2_:_7

d2 := (-q - sqr_(q'q - 4"p'r)) /(2*_.

ed! -= sqr%((x!-x0) " (xl-x0)

-(yl-y0) " (yl-y0)
÷(z!-z0-dl) " (zl-z0-dl))

- sqrt((x2-x!) _ (x2-x!)

÷(y2-yl) " (y2-y!)
÷(z2-z!_d!) " (z2-z!÷dl)) ;

e__2 := sqr%((x!-x0) * (x!-x0)

+(yl-y0) " (y!-y0)
÷(zi-z0-d2) " (z!-z0-d2))

- sqrt((x2-x!) " (x2-xl)

÷(y2-yl) * (y2-yl)
(z2-zl_d2) " (z2-zl÷d2)) ;

[29



!5!

152

153

154

155

IS6

157

158

159

160

16i

162

163

if (edl > ed2)

then d! :-- d2

end;

NodeSet^.Next^.Node.z :: z! - d!

end;

function LengthOfNodeSet(NodeSet : NodeType) : an.___,'_,*,

(

164

165

166

NodeSet = IS] U [NI,N2,N3 ...] U [G_ searched by the VGraph.

This Function will find the length of NodeSet.

}

167

168

168

170

17i

172

173

174

175

176

177

178

179

begin

if (NodeSet^.Next = nil)

then LengthOfNodeSet := 1

else LengthOfNodeSet := I + LengthOfNodeSet(NodeSet^.Next)

end;

procedure Compensane(var NodeSet : NodeType);

(
180

!81

182

183

184

185

186

187

188

189

190

191

192

193

194

!95

196

197

198

199

2OO

NodeSet = IS] U [NI,N2,N3 ...] U [G] searched by nb_ _'G_nDb

# of NodeSet for Compensate >= 3.

Procedure Keset will__ take _he _'-=t=i_-3 nodes i_._,!<,uc.

replace the second of the 3 nodes in NodeS=_ _:_

order to get the so= of the compenseted _',,' _

begin

if (LengthOfNodeSet(NodeSet) = 3)

then Keset(NodeSet)

else begin
Keset(NodeSet);

Compensate(NodeSet_.Next)
end

end;

func=ion Dis=ance(NodeSet : NodeType) : real:

(

130



20!
202
203
2(]4
205

NodeSet = IS] U [N!,N2,N3 ...1 U [G] searched by Uh_ 4Giap_.
# of NodeSet for Distance >= 2

Function EuclideanDistance will find the Euclidean Distance

between the fist node and the second in NodeSet.

}
206

207

208

209

2!0

211

212

213

214

215

216

217

218

219

220

221

222

vat

Current : NodeType;

begin
Current := NodeSet;

if (LenguhOfNodeSet(Curren_) <= 2)

then Distance := Euc!ideanDistance(Current)

e!se Distance := Euc!ideanDistance(Current)

÷ Distance(Cw.rrent^.Next)
end;

procedure KCA(var NodeSet : NodeType; Error : real);
(

223

224

225

226
227

228

229

230

23!

232

233

234

235

236

237

238

239

240

241
242

243

244

245

246

247

248

249

NodeSet = CS] U [N!,N2,N3 ...] U _ [G] searched by the VGraph.

Error = a permissible error
Function Distance will calculate the Euclidean Distance

through NodeSet.

Procedure Compensate will find the compensated nodes and
will return the set of these nodes.

vat

Path!, Path2 : real;

begin
Path! := Distance(NcdeSe=);

Compensate (NedeSet) ;
Path2 := Distance(NcdeSe_) ;

wrice!n (KCAoutput, '

PrintNodes (NodeSet) ;

if (abs(Path! - Path2) > Error)

then RCA(NodeSe=, Error)

end;

t -

procedure CreateNodes(var NcdeSec : NodeTvpe);
{

250 NodeSet = [S] U CNi,_42,N2 ...] U [G] searched by the VGrach.

L_



251

252

This Procedure wi!! create the NodeSet.

}
253

254

2,=5

256

257

258
259

260

261

262

263

264

265
266

267
268

269

270

271

272
273

274

275

276

277

278
279

280

28!

282

283

2S4

285

286

2S7
288

289

290

291

292

293

294

295

296
297

298

299

300

vat

Current : NodeType;

begin
NodeSet := nil;

if not eof(KCAinput)
then begin

new (NodeSet) ;

readln (KCAinput,

end;

end

NodeSet^.Node.x,

NodeSet^.Node.y,
NodeSet^.Node.:_ :

NodeSet^.Next := nil;

Current := NodeSet;

while not eof(KCAinput)

do begin
new(Current^.Next);
Current := Current^.Next;

readln(KCAinput, Current^.Node.x,

Current^.Node.y,
Current^.Node.z);

Current^.Next := nil

end

begin (__ M_AIN

reset (KCAinpu=) ;

rewrite (KCAout.Dut) ;

Error := 0.00001;

CreateNodes(NodeSet);

write!n(RCAoutput);

writeln(RCAoutput);
write!n(KCAoutput);

write!n(RCAoutput,

writein(RCAoutput);

write!n(KCAoutput, '

PrintNodes (NodeSet) ;

KCA(NodeSet, Error) ;

write!n (KCAoutput) ;

write!n (RCAoutput) ;

write!n (RCAoutpu=) ;
wr it e in (KCAoutput,

'The original vertices by VGraph Aigorit_%m' ) ;--

orgina! distance = ',

Distance(NodeSe=) :7:4);

'The vertices compensated by RCA');

OO



301

3O2

303

3O4

3O5

306

307

wri_eln (KCAoutput, '

Print-Nodes (NodeSet) ;

writeln (RCAou_put) ;

wri_eln (RUAoutput) ;

writeln (RCAou_put, '

writeln (RCAoutput, '
end. {__ MAIN

clock

system

= ', clock);

= ', sysclock);

');

m

/

m
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Appendix H: I/O FILES [or the RCA

[RCAinput]

3 2 4

7 4 I0

8 8 9

4 Ii 2

[RCAoutput]

The original vertices by VGraph Algorithm

orgina! distance _ 20.3283
3.0000 2.0000 4.0000

7.0000 4.0000 I0.0000

8.0000. 8.0000 9.0000

4.0000 II.0000 2.0000
°

compensated distance - 15.3916
3.0000 2.0000 4.0000

7.0000 4.0000 6.6015

8.0000 8.0000 4.52!9

4.0000 ll.0000 2.0000

compensated distance :" ;. ;....
3.0000

7.0000

8.0000

4.0000

2.0000

4.0000

8.0000

Ii.0000

4.0000

4.2715

3.2449

2.0000

compensated distance = I- 752a

3.0000

7.0000

8.0000

4.0000

2.0000

4.0000

s.oooo

II.0000

4.0000

3.6071

2.8808

2.0000
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compensated
3.0000 2.0000 4.0000

7.0000 4.0000 3.4177

8.0000 8.0000 2.7770

4.0000 !I.0000 2.0000

distance : 13.7425

c_mpensated distance : 13.74!_
3.0000

7.0000

8.0000

4.0O00

2.0000

4.0000

8.0000

I!.0000

4.000Q

3.3637

2.7474

2.0000

compensated distance : !3.74i8
3.0000

7.0000

8.0000

4.0000

2.0000

4.0000

8.0000

I!.0000

4.0000

3.3482

2.7389

2.0000

3.0000

7.0000

8.0000

4.0000

compensated distance = !3.7416
2.0000

4.0000

8.0000

!I.0000

4.0000

3.3439

2.7365

2.0000



The vertices c_pensa_ed by RCA

3.0000 2.0000 4.0000

7.0000 4.0000 3.3439

8.0000 8.0000 2.7365

4.0000 ii.0000 2.0000

clock = 400

system = 83
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Appendix I: Simulation of the OPNI

! program OrthogonaiProjectionMethod(OBJECT, YKOJECTION);
2{

3

4

5

6
7

8

9
i0

Author : C. H. Chung

Version : 2.3

Date : December 3, 1988

I!

12

13

14

15

16

17

18

19

2O

OPM;

To build the Grown Space Obstacles in 3D by OPM
INPUT FiLE : OBJECT

OUTPUT FILE : _KQJECTION

This program will build the Grown Space Obstacles in 3D.

21 _yp.e
22 Poin_2D = record

23 x, y : real;
end;

Vertice2D = _Node2D;

Node2D = record
Node : _oint2D;

Next : Vertice2D

end;

24

25

26

27

28

29

30

3!

32
33

34

35
36

37

38

Point3D = record

x, y, z : real;
end;

Verzice3D = _Node3D;

Node3D = record

Node : Point3D;

Next : Ver%ice3D

end;

39 vat

40 OBJECT, _KOJECT_ON : text;
41 LinkedVer_ices : Vertice3_;

42

43

44

45

46

47

48
procedure OPM(var LinkedVertices : V .... c_3D);
{

49

50 Author : C. H. Chunc

_.;,

Ol: PO0 _ n_:^_ _',":.,,



51

52

53

54

55

56

Version : 2.3

Date : December 3, 1988

57

58

59

6O
6!

62

63

64

65

66

67

68

69
70

71

72

OPM(LinkedVertices);

To build the Grown Space Obstacles in 3D by OPM.
INPUT FILE : OBJECT

OUTPUT FiLE : PKOJECTION

This program will build the Grown Space Obstacles.

hh : the horizontal length of the object

vv : the vertical length of the object

rr : the sliced angle for rotational Grown Sp_c_ uu_=u_=_.
}

73
74
75

76

77

78

79

8O

8!

82

83
84

85

86

87

88

89

9O

91

92
93

94

95
96

97

98

99

!00

const

Pi = 3.141592; {Kadian}

var

Object : Vertice3D;
ObjectXY, ObjectYZ, Objec_-XZ : Vertice2D;
GrownXY, GrownYZ, GrownXZ : Vertice2D;

rr : real;

hhl, hh2, hh3,

vv!, vv2, vv3 : real;

procedure Print2Dver_ice(List : Vertice2D) ;
{

This procedure will print the Linked List of the

shortest path.

begin
if List = nil

then write!n(PROJECTiON)

else begin

wri_e!n(PROJECT!ON, Lis_^.Node.x :10:4,

_isz^.Node.y :10:4);
Print2Dvertice(Lis%^.Next)

IZ8



i0!

102

103

104

105

106

!07

10S

109

!!0

!!!

end;

end

procedure Print3Dverzice(List : Vertice3D);

{

i12

1!3

114

This procedure will prin= the Linked List of the

shortest path.

I!5

116

117

118

119

120

121

122

123

124

125

126

127

12S

129

130

!31

132

begin

if List = nil

then write!n(PKOJECTION)

else begin

write!n(PROJECTION, List^.Ncde.x :!0:_,

List^.Node.y :!0_

List^.Node.z :it ....

Print3Dvertice(List^.Next)

end

end;

procedure CreateObject(var Ob3ect : Vertice3_);

(
!33

134

13.=

This procedure creates the object from the inDu_ file

by the linked list.

!36

137

138

139

140

141

142

143

144

i45

146

147

148

149

150

vat

Current : Vertice3D;

begin

Object := nil;

if not ear(OBJECT)

then begin

new(Object);

read!n(OBJECT, Object^.Ncde.x,

Object^.Ncce.y,

Object^.Node.z);

Object ^.Next := nii;

Current := Object;
while not eof(OBJECT)

do begin

new(Current^.Mext);



ISl

152

153

154
155

156

157

15a

159

!60

!61

162

163

164

165

166

167

168

169
170

171

!72

173
174

!75

176

!77

178

179
!S0

!Sl

182

!S3

184

la5

186
!87

188

189

190

191

192

193

194

!95
196

197

198

199

2OO

end;

end

Curren= := Current ^ .Next;

read!n(OBJECT, Current ^ .Node.x,

Current ^ .Node.y,
Current ^ .Node. z) ;

Current ^.Next := hi!

end

procedure GrownObject(var Object, Grown : Vertice2D;
hh, vv, rr : real) ;

{

This procedure builds the Grown Space Obstacles.

where h : horizon%a

v : vertic_?

0 < q < Pil2

a! = (A!x,Aly) + h(-cos(q) ,-sin(q))

a2 = (Alx,Aly)
a3 = (A2x,A2y)

a4 = (A2x,A2y) + v(sin(q) ,-cos(q))

a5 = (A3x,A-_y) _ v(sin(q) ,-cos(q))
a6 = (aSx,aSg) _ h(-cos(q) ,-sin(q))

a8 = (A4x,A4y) _ h(-cos(q) ,-sin(q) )

a7 = (aSx,aSy) ÷ v(sin(q) ,-cos(q))

Pi/2 < q < Pi

q = q - Pi/2

temp = h
h = v

v = te_p

(to swap h and v)

q = 0
Delete a2, a4, a6, aS.

q = Pi/2

Swap h and v.
Delete a2, a4, a6, aS.

vat
Current, Head : Vertice2D;

[4O



201

202

203

204

205

206

207

208

209

210

2!!

212

2!3

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

begin

Current := nil;

new (Current) ;

Current ^ .Node. x

Current ^ .Node. V

Current ^ .Next :=

:= Object^.Node.x

:= Object^.Node.y

nil;

Head := Object;

Grown := Current;

new (Current ^ .Next) ;

Current :-- Current ^ .Next;

Current^.Node.x := Objecz^.Node.x;

Current ^.Node.y := Ob3ec%^.Node.y;
Current ^ .Next := nil;

Object := Object ^ .Next;

new (Current ^ .Next) ;

Current :-- Current ^.Next;

Current^.Node.x := Object^ .Node .x;

Current^.Node.y := Object^.Node.y;
Current ^ .Next := nil;

new(Current^.Next);

Current := Current^.Next;

Curren%^.Node.x := Object^.Node.x

Current^.Node.y := Object^.Node.y
Current^.Next := nil;

Object :: Objec:^.Next;

new(Current^.Next);

Curren: := Current^.Next;

Curren=^.Node.x := Object^.Node.x -

Current^.Node.y := Object^.Node.y -
Current^.Nex: := nii;

new(Current^.Next);

Current := Current^.Next;

Current^.Node.x := Object^.Node.x

Current^.Node.y := Object^.Node.y

Current^.Next := nil;

Object :: Object ^ .Next;

new (Current ^ .Next) ;

Current := Current ^ .Next;

Curren=^.Node.x := Object^.Node.x ÷

Current^.Node.y := Ob3ect^.Node.y -

Current ^ .Next := nil;

new(Curren: ^.Next) ;

- hh _ cos(rr);

- hh _ sin(rr);

÷ vv _ sin(rr', ;

- vv - cos(rr) ;

vv _ sin(rr);

vv _ cos (rr) ;

+ vv*sinC-_),- - hh"cos(rr) ;

- vv_cosCrr) - hh*sin(rr) ;

vv_sin(rr) - _._..-_-:(rr) ;

vv_cos(rr) - hh"sin(rr) ;

14t



251

2_2

253

254

252

256

257

2Sa
259

Z60

26i

262

263

264

262

266

267
268

269

270

271

272

273
274

275

276

277

278
279

28O

28!

2S2

2S3

2S4

285
2S6

Current := Current ^ .Next;

Current^.Node.x := Object^.Ncde.x - hh _ cos(rr);

Current^.Node.y := Object^.Node.y - hh * sin(rr);
Current ^ .Next := nil;

Object := Head;

if (rr = 0) or (abs(rr - Pi/2) < 0.001)

then begin
Current :: nil;

new(Current);

Current^.Nede := Grown^.Node;

Curren=^.Next := nil;

end;

Head :: nil;

Head := Current;
while Grown^.Next^.Next <> nil

do begin
new(Current^.Next);
Current := Current^.Next;

Grown := Grown^.Nex%^.Nex%,
Current^.Node := Grown^.Node;

Current^.Nex% := nil;

end;

Grown := Head;

end;

procedure OrthogonalProjection(Object : Vertice3D;
var Objectk_/-, ObjectYZ, Objec=XZ : Vertice2D);

{

This procedure project Object in 3D into 3 Objects in 2D.
}

2S9

290

291

292

293

294
295

296

297

298

299

300

vaE
Current : Vertice3D;

Curren_TY,

CurrentYZ,
UurrentXZ : Ver=ice2D;

Xl, X2,
YI, Y2,

ZI, Z2 : real;

begin

Current := Object;

t4__



30!

3O2

303

304

3O5

306

307

30S

309

310

3!i

312

3!3

314

315

316

317

31S

3!9

320

321

322

323

324

325

326

327

32B

329

32G

331

332

333

334

335

336

337

338

339

340

34!

342

343

344

345

346

347

348

349

35O

ObjectXY :: nil;

ObjectYZ := nil;

ObjectXZ :: nil;

X! := Current^.Node.x;

Y! :: Current ^.Node.y;
Z1 :: Current ^ .Node.z;

Current :: Current ^ .Next;

Y2 : = Current ^.Node.v;

Current := Current ^ .Next;

X2 := Current^.Node.x;

Current := Current ^ .Next;

Current := Current ^ .Next;

Z2 :: Current^.Node.z;

new (Ob jectX_.) ;

ObjectXY^.Node.x :: Xl;

Objec'_Y. _.Node.y :: Y2;

ObjectX'f_ ^.Next :: nil;

new (ObjectYZ) ;

ObjectYZ^.Node.x :: Y!;

ObjectYZ_.Node.y :: Z2;

ObjectYZ ^.Next := nil;

new (Oh jec-_XZ) ;

Objec'_XZ^.Ncde.x := X!;

ObjectXZ^.Node.y :: Z:;

ObjectXZ^.Next := nil;

CurrentX_. :: Object._Y_;

CurrentYZ := ObjectYZ;

CurrentXZ := ObjectXZ;

new (Current_Cf ^ .Next) ;

Currenr_Xl'. := CurrentXY- ^ .Next;

Current._Y_ ^.Node.x :: X2;

Curren=._Y^.Node.v :: Y2;

Current._Y ^.Next :: niL;

new (CurrentYZ ^ .Next) ;

CurrentYZ := Curren=YZ ^.Next;

CurrentYZ^.Node.x :: Y2;

CurrentYZ^.Node.y :: Z2;

Curren=YZ ^.Next := hi!;

L4Z



351

352

353

354

355
356

357

358

359

360

361
362

363

364

365

366

367

368

369

370

371
372

373

374

375
376

377

378

379

380

38!

382
383

384

38_

386

387

388

389

390

391
392

393

394

39_

396

397

398

399

4O0

new (CurrentXZ _ .Next) ;

CurrentXZ := CurrentXZ ^.Next;

Curre_tXZ^.Node.x := X2;

CurrentXZ ^.Node.y :-- Z2;
CurrentXZ ^.Next :-- nil;

new (CurrentX_. ^ .Next) ;

CurrentXY := CurrentXY ^.Next;

CurrentXY^.Node.x := X2;

CurrentX'f ^.Node.y := Y!;
Currentk'Y A.Next := nil;

new (CurrentYZ ^ .Next) ;

CurrentYZ := CurrentYZ ^.Next;
CurrentYZ'.Node.x := Y2;

CurrentYZ^.Node.y := ZI;
CurrentYZ ^.Next := nil;

new (CurrentXZ ^ .Next) ;

CurrentXZ := CurrentXZ ^.Next;
Currenr-XZ^.Node.x := X2;

CurrentXZ-.Node.y := Z!;
CurrentXZ ^.Next := nil;

new (CurrentXY ^ .Next) ;

CurrentXY := Currenr_XY ^.Next;
Currenr-XY^.Node.x := Xl;

CurrentXY. ^.Node.y := YI;
CurrentXY ^.Next := nil;

new (CurrentYZ ^ .Next) ;

CurrentYZ := CurrentYZ ^.Next;
CurrentYZ^.Node.x := YI;

CurrentYZ^.Node.y := ZI;
CurrentYZ ^.Next := hi!;

new (CurrentXZ ^ .Next) ;

CurrentXZ :-- CurrentXZ ^.Next;
CurrentXZ^.Node.x := X!;

CurrentXZ ^.Node.y := ZI;
CurrentXZ ^.Next := nil;

end;

procedure ReconstructObject(ObjectXY., 0bjectYZ, ObjectXZ :
Vertice2D; var LinkedVertices : Vertice3D);
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40!

402

4O3
404

4O5

This procedure wi!! reconstruct the object from the

3 projected images in 2D.

406

407

408

409

410

411

4!2

413

414

415

416

417

418

4!9

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

43_

436

437

438

439

440

441

442

443

444

445

446

447

448

449

45O

va=

Current : Vertice3D;

CurrentXY,

CurrentYZ,

Currenr_XZ : Vertice2D;

X!, Y!, Z!,

X2, Y2, Z2 : real;

begin

LinkedVer%ices := nil;

new(LinkedVertices);

Current := LinkedVerzices;

LinkedVer%ices^.Next := nil;

Currenr_XY := ObjectXl'.;

CurrentYZ := ObjectYZ;

Curren_XZ := Ob3ectXZ;

while Currentk-Y <> nil do

begin
X1 := CurrentXY^.Node.x;

Y! := Curren_XY^.Node.y;
Curren_Cl'. := Curren_^.Nex=;

while CurrentYZ <> nil do

begin

Y2 := CurrentYZ^.Node.x;

Z1 := CurrentYZ^.Node.y;

Curr_ntYZ := CurrentYZ^.Next;

if (Y! = Y2)

then while CurrentXZ <> nil do

begin

X2 := CurrentXZ ^.Node.x;

Z2 := CurrentXZ ^.Node.y;

CurrentXZ := Curren_XZ ^.Next;

if (ZI = Z2) and (Xl = X2)

then begin

Current^.Node.x := X!;

Current^.Ncde.y := Y!;

Current^.Node.z := ZI;

Current^.Next := nil;

if (Current.k_'. = ni!) and

(CurrentYZ = nil) and

(CurrentXZ = nil)

then

else begin

new(Current^.Nex_);

ORIGINAL -L;_'_-_-,,-IS

OF POOR QUALITY



451
452
453
454
4_5
456
457
458
459
460
46i
462
463
464
465
466
467
46a
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
48-=
486
487
488
489
490
491
492
493
494
495
496
497
498
499
50C

end;
CurrentXZ :: ObjectXZ;

end;
CurrentYZ :-- ObjectYZ;

end;
Current : = LinkedVertices;
while Current^.Next^.Next <> hi!

de Current := Current^ .Next;
Current :: nil;

end;

Curren_

end;

: = C_'c_-_ '.m_x_;
end;

begin { OPM
reset (OBJECT) ;
rewrite (PROJECTION);

rr :: Pi/6;
rr : = 0;
hhl := 1.0;
hh2 := 1.5;
hh3 := 1.0;
vvl := 1.5;
vv2 := 0.5;
vv3 := 0.5;

CreateOb ject (Object) ;
41-mwr___Ln(PKOJZCTION, ' Object

write!n (PROJECTION) ;

Print3Dvertice (Object) ;

in 3D:');

Orthog_na!Projection(Object, Object_C',

writeln (PROJECTION) ;

writeln (PKOJKCT!ON) ;

write!n(PKOJECTION, ' Image projected

write!n (PKOJECTION) ;

write!n(PKOJECTION, ' (X,Y)

Print2Dvertice (Object.k-Y) ;

write!n (PROJECTION) ;

write!n(PROJECTION, ' (Y,Z)

.=rint2Dver%ize (Oh jec,YZ) ;

writeln (PROJECTION) ;

write!n(PROJECTION, ' (X,Z)

Print2Dvertice (ObjectXZ) ;

ObjectYZ,

in 2D:');

projection');

projection');

pro jec'_ion' ) ;

GrownObjecz(Object.TY-, GrownXY, hh!, vv!, rr);

GrownObject(ObjectYZ, GrownYZ, hh2, vv2, rr);

Objec-XZ) ;
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50[

502

503

5O4

5O5
506

507

5O8

5O9

510
511

512

5!3

514

5i5

516

517

518

519

520

521

522

523

524

525

526

527

._2S

529

._30

53!

GrcwnObject(OhjectXZ, GrownXZ, hh3, vv3, rr);

write!n (PROJECTION) ;

writeln (PROJECTION) ;

wrice!n (PROJECT!ON,

wri_e!n (PROJECTION) ;

writeln (PROJECTION) ;

write!n (PROJECT!ON, '
Print2Dvertice (GrownXY) ;

writeln (PROJECTION) ;

wricein (PROJECTION, '

Prin=2Dvertice (GrcwnYZ) ;

wri=e!n (PROJECTION) ;

wri=e!n (PROJECTION, '

Print2Dvertice (GrownXZ) ;

' Grown Image projected in 2D:');

(X,Y) Grown Image') ;

(T,Z) Grown image') ;

(X,Z) Grown Image') ;

ReconstructObject(GrownXY, GrownYZ,
writein(PROJECT!ON);

writeln(PROJECTION);

wri_e!n(PROJECTION, ' Objec_ in 3D
writein(PROJECTION);

Print3Dvertice(LinkedVer:ices);

GrownXZ, LinkedVer_ices);

end; ( of Procedure OPH }

begin {__ Main __}
OPM(LinkedVertices);

end. (__ of Main __}
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Appendix J: 1/10 FILES [or tile OPN[

[OBJECT]

7 5 3
7 !0 3

14 !0 3
14 5 3

7 5 12
7 i0 12

14 !0 12
14 5 !2

[PROJECTION]

Object in 3D:

7.0000
7.0000 !

14.0000 1
i4.0000
7.O00O
7.0000 i

!4.0000 !
14.0000

5.0000
0 0000
0 0000
5 0000
5 0000
0 0000
0 0000
5 0000

3 0000
3 0000
3 0000
3 0000

12 0000
12 OO00
i2 0000
12 0000

ImaGe projected in 2D:

(X,Y) projection
7.0000 i0.0000

14.0000 i0.0000

!4.0000 5.0000

7.0000 5.0000

(Y,Z) projection
5.0000 i2.0000

!0.0000 !2.0000

!0.0000 3.0000

5.0000 3.0000



(X,Z) projection
7.0000 12.0000

14.0000 12.0000

14.0000 3.0000

7.0000 3.0000

Grown Image proje_-=_ in 2D:

(X,Y) Grown Image
6.0000 !0.0000

14.0000 i0.0000

14.0000 3.5000

6.0000 3.5000

(Y,Z) Grown Image
3.5000 12.0000

I0.0000 12.0000

!0.0000 2.5000

3.5000 2.5000

(X,Z) Grown Image
6.0000 12.0000

14.0000 12.0000

14.0000 2.5000

6.0000 2.5000

Cbjec- in 3D reconstruc-ed by CPM:

6.0000 10

6.0000 I0

14.0000 i0

!4.0000 I0

i4.0000 3

!4.0000 3

6.O0OO 3

6.0000 3

0000 12.0000

0000 2.50O0

0000 12.0000

0000 2.5000

5000 i2.0000

5000 2.5000

5000 12.0000

5000 2.5OO0
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